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The  distribution  of  ion-implanted  impurities  in  semiconductors  was 
studied  using  atomic  and  electrical  profiling  techniques.  The  atomic  profiles 
were  obtained  by  Glow  Discharge  Optical  Spectroscopy  (GDOS).  The  GDOS  tech- 
nique, experimental  system,  and  elemental  sensitivity  are  discussed  in  detail. 

The  impurity  distributions  of  arsenic-implanted  silicon  and  german- 
ium-implanted gallium  arsenide  are  investigated.  High  dose  arsenic  Implants 
in  silicon  exhibit  a concentration-dependent  diffusion  at  high  temperatures 
which  leads  to  a dramatic  redistribution  from  the  original  implanted  profile. 
The  Ge  implanted  into  GaAs  shows  very  little  diffusion  even  for  high  concen- 
trations annealed  at  900*C.  The  diffusion  coefficient  of  Ge  in  GaAs  is  esti- 
-15  2 

mated  to  be  6x10  cm  /sec  at  900°C. 

The  electrical  profiles  were  obtained  using  Hall  measurements  in 

conjunction  with  successive  layer  removal.  The  carrier  profiles  for  As  in  Si 

were  in  substantial  agreement  with  the  atomic  distributions.  The  carriers 
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have  a concentration  limit  of  ~ 2x10  cm  and  excellent  electrical  activa- 
tion can  be  obtained  for  1000*C  anneals. 

The  Ge  implanted  into  GaAs  exhibits  an  amphoteric  behavior.  The 

Implanted  layers  at  low  doses  are  p-type  when  annealed  below  850*C  and  n-type 
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at  higher  temperatures.  Samples  implanted  at  10  cm  dose  were  n-type  for 
all  anneal  temperatures.  The  donor  activity  observed  for  high  doses  is  be- 
lieved to  be  related  to  the  production  and  regrowth  from  an  amorphous  layer. 
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The  carrier  profiles  showed  low  electrical  activation  and  mobility  for 


both  conduction  types  and  an  inactive  surface  region. 

Germanium  implantation  was  used  to  produce  either  p and  n-type 

layers  to  form  GaAs  p-n  junction  diodes.  The  I-V  characteristics  of 

several  implanted  devices  are  presented.  High-quality  diodes  can  be  fab 
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ricated  using  a 10  cm  dose  annealed  at  800°C. 
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1.  INTRODUCTION 

The  profiling  of  impurity  distributions  in  ion- implanted  semi- 
conductors in  a challenging  task.  The  impurity  concentrations  involved 
in  a typical  implant  are  much  lower  than  those  associated  with  a thermal 
diffusion  source  [1],  In  addition,  the  impurities  are  usually  confined 

to  a thin  region  (less  than  1 micron)  near  the  surface.  Although  the  peak 
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concentration  of  the  impurity  distribution  may  reach  10  atoms/cm  , the 

total  number  of  implanted  atoms  is  much  less  than  is  conanonly  encountered 

in  diffusion  layers.  For  example,  a heavy  dose  arsenic  implant  into  sili- 
15  3 

con  may  contain  10  atoms/cm  . This  corresponds  roughly  to  one  monolayer 
of  silicon  atoms . Obviously,  only  extremely  sensitive  techniques  are  able 
to  detect  impurities  in  such  small  amounts. 

In  this  work  we  have  investigated  the  electrical  and  atomic 
(elemental)  profiles  of  ion  implanted  semiconductors.  The  electrical  mea- 
surements were  performed  using  a double  ac  van  der  Pauw  technique  [2]. 

Glow  Discharge  Optical  Spectroscopy  [3]  (GDOS)  was  used  to  obtain  the  ele- 
mental profiles.  As  an  introduction,  we  shall  consider  in  this  section 
some  of  the  important  concepts  of  ion  implantation,  electrical  measurements, 
and  the  elemental  profiling  techniques. 

1.1.  Ion  Implantation 

Although  ion  implantation  has  progressed  from  a research  tool  to 
a common  method  of  semiconductor  doping,  not  all  of  the  problems  associated 
with  the  technique  have  been  solved.  In  particular,  the  implantation  of 
large  doses  of  heavy  ions  into  silicon  and  the  doping  of  compound  semicon- 
ductors are  areas  of  great  interest. 
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The  physical  process  of  implantation  is  best  described  by  the 
theory  of  Lindhard,  Schiott,  and  Scharff  (LSS)  [4-6].  This  theory  assumes 
the  incident  ion  energy  is  lost  to  the  substrate  by  two  independent  mecha- 
nisms: the  nuclear  stopping  power,  S^(E) , and  the  electronic  stopping 

power  S (E)  . The  energy  lost  per  distance  traveled  can  be  expressed  by 


s ' "[vE>  + VE)] 


(1.1) 


where  N is  the  density  of  substrate  atoms.  The  ion  comes  to  rest  at  a 
range  R when  it  has  lost  all  of  its  incident  energy,  where 


dE 


o-  tSN(E)  + Se(E) ] 


(1.2) 


The  bulk  of  the  LSS  theory  deals  with  predicting  the  two  stopping  powers 
and,  in  general,  the  values  of  S (E)  are  more  accurate  than  those  of  S„(E) 
[5,6].  The  range  is  the  total  path  length  of  the  incident  ion  into  the 
substrate.  Experimentally,  we  can  observe  only  the  distance  travelled 
perpendicular  to  the  surface,  the  projected  range  Rp.  Range  statistics 
for  a variety  of  ion  and  substrate  combinations  have  been  tabulated  else- 
where [7]. 

Since  the  ions  enter  the  sample  at  a variety  of  distances  from 
the  substrate  atoms  and  they  suffer  collisions  in  a random  fashion,  the 
ions  come  to  rest  in  some  type  of  distribution  about  the  projected  range. 
The  spread  of  the  distribution  is  defined  by  the  standard  deviation 
(straggle),  a.  As  before,  only  the  projected  straggle  ra p)  is  experimen- 
tally observed.  The  implanted  atom  distribution  can  usually  be  approxi- 
mated by  a gaussian  function,  although  more  complex  functions  can  be  used 
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[7,8].  In  this  model,  the  concentration  of  atoms  N(x)  is  given  by 


N(x) 


Np  exp-(x-Rp)' 


2a. 


(1.3) 


where  Np  is  the  peak  concentration.  This  peak  is  expressed  by 


Np  = 0.4  Np  (1-4) 

CP 

2 

where  N^  is  the  fluence  (dose)  of  the  ions  given  in  terms  of  atoms/cm  . 

A major  thrust  of  ion  implantation  research  is  the  study  of  the 
implanted  distribution  and,  more  importantly,  the  consequences  of  the 
annealing  steps  which  are  required  to  remove  the  radiation  damage  induced 
by  the  incident  ions.  The  most  obvious  effect  of  annealing  is  some  dif- 
fusion of  the  atoms  from  the  original  implanted  distribution.  If  the  dif- 
fusion mechanisms  are  normal  (i.e.  no  concentration  dependent  diffusion), 
the  original  profile  will  broaden  symmetrically  with  anneal  time.  The 
spreading  of  a gaussian  distribution  is  given  by 


N(x,  t)  = NP  exp-(x-fL,)2  (1.5) 

v'l  + 4”  Dt  5 

2a/  2ap  + 4Dt 

where  D is  the  diffusivity  of  the  species  and  t is  the  anneal  time.  Notice 
the  effective  straggle  (e"1  point)  of  the  distribution  varies  as 

Op  - (ffp  + 2Dt)1/2  . (1.6) 


We  can  estimate  the  diffusion  coefficient  of  the  species  by  comparing  the 
straggles  of  the  annealed  and  the  original  distributions  where 


2t 


(1.7) 
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1.2.  Electrical  Measurements 

The  ultimate  goal  of  ion  implantation  in  semiconductors  is  to 
alter  the  electrical  properties  in  a useful  and  predictable  fashion. 
Therefore,  the  most  commonly  used  techniques  for  analyzing  the  implanted 
layer  are  electrical  measurements.  The  four-point  probe  [9]  is  one  of 
the  simplest  methods  for  determining  the  sheet  resistance.  Unfortunately, 
it  yields  no  information  about  either  the  carrier  concentration  or 
mobility.  A Hall  [9]  or  van  der  Pauw  [10]  measurement  does  provide  this 
information.  The  van  der  Pauw  technique  is  preferred  since  it  does  not 
require  a specialized  geometry.  When  successive  van  der  Pauw  measurements 
are  combined  with  layer  removal  (stripping),  a profile  of  the  carrier  con- 
centration and  mobility  can  be  obtained. 

1.3 . Atomic  Measurements 

Unfortunately,  not  all  of  the  implanted  atoms  are  electrically 
active  after  a typical  implantation  and  anneal.  Thus,  some  type  of  atomic 
or  elemental  impurity  profiling  must  be  used  in  conjunction  with  the  elec- 
trical measurement  to  determine  the  behavior  of  the  implanted  species. 

While  there  are  many  different  types  of  atomic  measurements,  they  all  in- 
vole  the  interaction  between  an  incident  particle  (photon,  electron,  or  ion) 
with  the  surface  and  the  resulting  emission  of  some  type  of  characteristic 
particle.  It  seems  that  an  atomic  profiling  scheme  exists  for  almost 
every  possible  surface  interaction  [11-13].  The  primary  analytical  tools 
available  for  analysis  of  semiconductors  are  Helium  ion  Backscattering 
(HBS)  [14,15],  Auger  Electron  Spectroscopy  (AES)  [15,16],  Electron  Spectro- 
scopy for  Chemical  Analysis  (ESCA)  [17],  and  Secondary  Ion  Mass  Spectroscopy 
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(SIMS)  [16,18].  The  limitations  and  advantages  of  these  techniques  have 
been  reviewed  elsewhere  [12,13]. 

Probably  the  most  sensitive  technique  for  semiconductor  analysis 
is  SIMS.  In  this  system,  an  incident  ion  beam  produces  sputtered  ions 
from  the  substrate.  These  ions  are  mass  analyzed  and  counted  to  produce  con- 
centration versus  depth  profiles.  SIMS  has  been  used  to  measure  impurity 
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concentrations  as  low  as  10  cm  [19].  However,  SIMS  suffers  from 
quantization  problems  because  of  the  strong  matrix  effects  associated  with 
the  secondary  ion  production  [19].  In  addition,  the  SIMS  equipment  is 
highly  complex  and  expensive  and  requires  the  use  of  ultra  high  vacuum. 

The  atomic  profiles  in  this  work  were  obtained  by  GDOS.  The 
GDOS  system  involves  the  sputtering  of  a sample  in  a low  pressure  gas 
discharge  and  the  subsequent  excitation  of  the  sputtered  atoms  in  the 
discharge.  The  advantages  of  GDOS  include  reduced  matrix  effects  (since 
the  excitation  occurs  outside  the  sample)  and  the  simplicity  of  the 
equipment.  Since  the  actual  events  which  occur  during  the  GDOS  process 
are  complex,  a discussion  of  gas  discharges  and  sputtering  phenomena  is 
presented  in  Chapter  2.  There  was  a considerable  amount  of  experimenta- 
tion  needed  before  useful  data  could  be  obtained  because  GDOS  is  a rela- 
tively new  technique.  Some  of  these  experiments  and  information  are 
described  in  Chapter  4. 


DISCHARGE  AND  SPUTTERING  PHENOMENA 


2.1.  Gas  Discharges 


Gas  discharges  have  been  studied  for  many  years  with  much  of  the 
initial  work  predating  1900.  Discharges  have  been  studied  extensively, 
in  part  because  they  require  only  simple  equipment  to  produce;  yet  some 
of  the  processes  which  occur  in  the  discharge  are  complex  and  are  still 
not  adequately  understood.  A number  of  review  articles  and  books  [20-23] 
have  covered  the  area  of  glow  discharges  and  we  shall  consider  here  some 
of  the  fundamental  processes  which  influence  the  cathode  sputtering 


phenomena. 

The  discharge  characteristics  are  controlled  primarily  by  the 
events  which  occur  near  the  cathode.  In  brief,  ionized  particles  striking 
the  cathode  can  liberate  secondary  electrons  from  the  surface.  These 
electrons  are  accelerated  across  a space  charge  region  near  the  cathode 
and  produce  ionizing  collisions  with  gas  atoms.  These  ions  then  are 
accelerated  back  toward  the  cathode  where  they  can  produce  more  secondary 
electrons;  and  thus  the  discharge  is  maintained. 

A dc  discharge  has  several  distinct  regions,  as  shown  in  Figure 
2.1.  The  various  regions  are  best  understood  by  following  the  path  of  an 
electron  through  the  discharge.  An  electron  emitted  from  the  cathode  first 
encounters  a strong  electric  field  in  the  space  charge  region  near  the 
cathode.  The  electron  makes  many  collisions  throughout  its  path,  but 
initially  it  cannot  ionize  gas  atoms  because  of  its  low  energy.  As  it 
moves  further  away  from  the  cathode  the  electron  fains  sufficient  energy 
from  the  electric  field  to  ionize  the  gas.  Elections  generated  by  ioni- 
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Fig.  2.1.  The  regions  of  a dc  glow  discharge 
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zation  in  Che  space  charge  region  are  in  turn  accelerated  and  produce 
furcher  ionizacion.  The  ions  produced  in  this  electron  mulitplicatlon 
region  are  accelerated  toward  the  cathode,  where  they  create  additional 
electrons  by  secondary  emission.  In  a self-sustained  discharge,  each 
electron  released  from  the  cathode  must  produce  enough  multiplication  to 
cause  one  additional  electron  to  be  liberated  from  the  cathode.  While 
most  of  the  ionization  occurs  via  electron  collisions  in  the  Crooks  dark 
space  region  (Figure  2 . 1),  photoionization  and  Penning  ionization  can  also 
be  important  electron-producing  events  [21-24].  The  field  strength,  and 
thus  the  electron  energies,  decreases  as  the  electrons  leave  the  dark  space 
and  enter  the  negative  glow  region.  Despite  the  large  number  of  electrons 
present,  few  ionizations  occur  in  this  region. 

From  the  negative  glow,  electrons  can  enter  the  positive  column; 
this  is  an  almost  charge-neutral  region  which  extends  to  the  anode.  The 
positive  column  contains  positive  ions  as  well  as  free  electrons,  but  these 
particles  do  not  recombine  in  this  region  because  of  their  large  differ- 
ence in  momentum. 

The  distinct  luminus  and  dark  regions  are  caused  by  collisions 
between  gas  atoms  and  electrons  of  various  energies.  Near  the  surface  of 
the  cathode  an  electron  is  not  sufficiently  energetic  to  excite  or  ionize 
a gas  atom;  this  gives  rise  to  the  Aston  dark  space  in  Figure  2.1.  in  the 
cathode  glow  region  the  electrons  have  sufficient  energy  to  excite  the  gas, 
resulting  in  light  emission.  Farther  from  the  cathode,  in  the  Crooks  dark 
space,  the  electron  energies  are  well  above  the  excitation  potential  maxi- 
mum, and  thus  ionization  occurs  with  little  light  emission.  Near  the  end  of 
the  space  charge  region,  there  are  large  numbers  of  secondary  electrons 
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which  have  been  generated  by  the  multiplication  events.  These  electrons 
in  general  do  not  ionize  the  gas,  but  they  do  excite  atoms  in  the  negative 
glow  region. 

At  low  voltages  the  glow  region  usually  does  not  occupy  the  en- 
tire  area  of  the  cathode.  The  glow  tends  to  maintain  a constant  current 
density  near  the  cathode,  thus  the  area  it  occupies  depends  on  the  applied 
power  in  their  so-called  normal  glow  regime.  The  voltage  across  the  space 
charge  region  (cathode  fall  voltage)  is  also  a constant,  determined  by  the 
discharge  gas  and  the  cathode  material. 

The  area  of  the  glow  increases  if  more  power  is  applied,  until 
the  entire  cathode  surface  is  covered.  The  current  density  then  must  in- 
crease if  additional  power  is  added.  This  Implies  that  the  secondary  elec- 
tron emission  and  therefore  the  cathode  fall  voltage  also  increase  at  high 
power  densities.  This  type  of  discharge  is  known  as  an  abnormal  glow,  and 
almost  all  discharge  sputtering  is  performed  in  this  mode. 

In  a normal  glow,  it  is  found  experimentally  that  the  product  of 
the  gas  pressure  p and  the  dark  space  thickness  d is  a constant  [22]. 

pd  • constant  (2.1) 

This  constant  is  determined  by  the  discharge  gas  and  the  cathode  material. 
Early  experimenters  used  this  relationship  to  estimate  the  gas  pressure  in 
the  discharge  chamber. 

In  an  abnormal  glow,  however,  the  dark  space  thickness  is  also  a 
function  of  the  applied  power.  The  thickness  of  the  dark  space  region  is 
usually  described  by  Aston's  equation  [20]. 

d -A*! 

p vT 


(2.2) 
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The  cathode  fall  voltage  V is  also  a function  of  the  pressure  and  the  cur- 
rent density  j 

V - E + (2.3) 

P 

where  A,  B,  E, and  F are  experimentally  determined  constants.  We  see  that 
the  cathode  fall  voltage  increases  with  increasing  current  density  and 
decreases  with  pressure.  This  dependence  on  current  density  allows  cath- 
odes of  different  areas  to  have  different  cathode  fall  voltages  for  iden- 
tical discharge  parameters.  Thus  the  cathode  design  is  critical  when 
studying  the  sputtering  behavior  in  discharges. 


2.2.  Sputtering 

The  bombardment  of  the  cathode  by  ions  not  only  produces  the 
secondary  electrons  needed  to  sustain  the  discharge,  but  it  can  also  erode 
the  cathode  by  sputtering.  Cathode  sputtering  was  first  observed  in  a gas 
discharge  in  1852  [25]  and  has  been  widely  used  for  the  deposition  of  thin 
metal  films  [26,27].  However,  in  this  work  we  are  more  interested  in  the 
sputtering  mechanisms  itself  rather  than  the  deposition  process. 

Sputtering  is  the  ejection  of  material  from  a target  induced  by 
an  impinging  energetic  particle,  usually  an  ion.  It  was  at  first  thought 
to  be  an  evaporation  phenomenon  [28,29]  related  to  the  localized  heating 
of  the  target  Induced  by  the  Impact  energy  of  the  bombarding  ion.  Sputter- 
ing is  now  widely  recongnized  to  be  a colllsional  momentum  transfer  process 
similar,  as  Wehner  states,  "to  playing  billards  with  atoms"  [28].  Consider 
a classical  hard  sphere  collision  in  which  a incident  particle  collides 
with  a second  particle  initially  at  rest.  The  two  particles  divide  the 
initial  energy  according  to  their  masses  and  are  directed  with  individual 
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final  velocities  in  separate  directions.  We  recall  from  conservation  of 
energy  and  momentum  that  the  angle  between  the  two  final  velocities  can- 
not be  greater  than  180°.  Thus,  at  least  two  collisions  are  required  to 
transfer  the  momentum  of  an  incident  ion  to  a target  atom  having  momentum 
directed  away  from  the  surface,  as  seen  in  Figure  2.2.  The  ion's  initial 
energy  is  lost  to  the  target  through  collisions  which  produce  target  heat- 
ing and  the  ion  eventually  becomes  embedded  in  the  target. 

Numerous  theories  of  sputtering  have  been  presented,  and  they  are 
well  treated  in  a review  article  by  Kaminsky  [29].  One  of  the  more  suc- 
cessful theories  is  due  to  Sigmund  [30]  which  treats  sputtering  as  the 
result  of  casades  of  atomic  collisions.  Sigmund  uses  a Boltzman  transport 
equation  from  which  he  calculates  the  sputtering  yields  by  assuming  the 
random  slowing  down  of  the  incident  particle  in  an  infinite  medium.  The 
sputtering  yield  is  defined  as  the  number  of  target  at oms  ejected  per 
incident  ion.  Sigmund  derives  a general  yield  formula  as 

H(x,E,T1)  - Ax  (2.4) 

TT  O 

where  Ax  is  the  range  of  the  effective  origin  of  the  sputtered  atoms 
(escape  depth)  and  is  defined  as 

Ax  - 3 1 . (2.5) 

4 NC 

o 

Using  Sigmund ' s notation  N is  the  density  of  target  atoms,  E is  the  energy 
of  the  Incident  ion,  x is  the  distance  measured  from  the  surface  of  the 
target,  is  the  projected  velocity  of  the  ion  normal  to  the  surface,  UQ 
is  the  binding  energy  of  a target  atom,  Cq  is  a constant  related  to  the 
scattering  cross  section  of  the  target,  and  F(x,E,T1)  is  defined  as  the 
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2.  Two  possible  sequences  for  sputter- 
ing by  multiple  collisions. 
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depth  distribution  of  the  energy  lost  by  the  incident  ion  to  the  target 
by  any  mechanism. 

By  assuming  an  isotropic  medium  and  a low  ion  energy  (E  < 1 reV), 
the  yield  can  be  approximated  by 


S (E)  - _3 o_  Sm(E) 

rt  rr 


(2.6) 


. 2 C U 
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The  constant  or  is  a function  of  the  ion  to  target  atom  mass  ratio  and  is 


plotted  as  a graph  by  Sigmund.  The  energy  loss  mechanism  is  assumed  to  be 
described  by  a nuclear  stopping  power  S„(E)  which  has  been  tabulated  by 
Lindhard  [4]  and  Gibbons  [7]. 

Sigmund's  theory  allows  us  to  estimate  the  yield  from  an  amor- 
phous target  if  the  proper  target  characteristic  are  known.  The  yield 
values  obtained  agree  quite  well  with  experimental  values,  considering 
the  number  of  assumptions  which  must  be  made.  One  of  the  most  difficult 
parameters  to  predict  is  the  atomic  binding  energy  Uq,  which  is  influenced 
by  the  cohesive  binding  energy  of  neighboring  atoms  as  well  as  any  binding 
due  to  conduction  band  electrons  [30].  Thus  the  phase  of  the  target 
(e.g.  amorphous  or  crystalline)  can  directly  effect  the  sputtering  yield. 
Also,  since  sputtering  is  a colllslonal  process,  one  could  expect  crystal 
orientation  to  modify  the  yield  as  compared  to  a simple  amorphous  target. 

Some  of  the  strongest  evidence  that  sputtering  is  not  an  evapor- 
ation process  was  provided  by  the  dramatic  differences  between  the  sputter- 
ing of  amorphous  and  crystalline  targets.  The  spatial  distribution  of 
evaporated  particles  should  follow  a cosine  distribution  [28,29],  However, 
Wehner  measured  a "sub-cosine"  distribution  from  amorphous  targets  bom- 
barded at  normal  incidence  [31]  as  in  Figure  2.3(a).  A cosine  distribution 
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could  appear  as  a circle  jusc  touching  the  origin  in  this  polar  graph.  The 
distribution  of  sputtered  atoms  also  changed  when  the  angle  of  incidence 
was  varied  as  in  Figure  2.3(b).  Anderson  observed  that  the  ejection  of 
target  atoms  from  crystals  tends  to  follow  along  the  close  packed  direc- 
tions of  the  lattice  [32].  This  led  some  observers  to  speculate  on  the 
existence  of  long  focusing  chains  of  collisions  called  "focusons"  which 
caused  sputtering  along  specific  crystal  directions  [33].  Focusons  are 
now  generally  considered  to  be  only  a second  order  effect  in  the  total 
sputtering  process.  The  important  collisions  which  lead  to  sputtering 
usually  occur  within  the  first  two  or  three  monolayers  of  the  surface. 

Thus  we  can  expect  the  sputtering  rates  for  different  orientations  of  the 
same  crystal  to  vary  as  a consequence  of  the  different  packing  densities 
of  the  various  directions. 

Another  consequence  of  the  collisional  nature  of  sputtering  is 
the  variation  of  yield  with  the  incident  angle  of  the  ion.  For  most  tar- 
gets the  yield  increases  as  the  incidence  angle  becomes  greater  with 
respect  to  the  surface  normal  [28,29].  At  angles  oblique  to  the  surface 
fewer  collisions  are  required  to  give  target  atoms  momentum  directed  away 
from  the  surface.  The  sputtering  yield  drops  at  grazing  incidence  since 
there  is  a high  probability  of  the  ion  simply  reflecting  off  the  surface. 

The  sputtering  yield  is  found  experimentally  to  be  a function 
of  the  ion-target  mass  ratio,  the  ion  energy,  the  structure  of  the  target, 
and  the  angle  of  incidence  of  the  ion.  Thus,  there  is  a wide  variation 
of  reported  yields  caused  by  the  inevitable  differences  in  experimental 
conditions.  Yield  data  may  be  found  in  several  review  articles  [34,35] 
and  an  example  of  such  data  is  presented  in  Table  2.1.  We  observed  in 
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ion  beam  was  normal  to  the  sub- 


strate  with  ion  energies  ranging 
from  150  to  1000  eV. 


Angular  distribution  of 
sputtered  Mo  [31].  The  250  eV 
Incident  argon  ions  were 
directed  from  the  right  at  an 
angle  of  45*  to  the  substrate. 


Table  2.1.  Sputtering  yields  of  28  elements 
under  neon  and  argon  bombardments 
(35] . 
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equation  2.6  that  the  yield  should  vary  linearly  with  the  stopping  power 
of  the  target.  This  implies  that  heavy  atoms  should  sputter  more  read- 
ily than  light  ones.  Indeed  as  seen  in  Table  2.1  the  yield  fo " beryllium 
is  ~ 3 times  less  than  that  of  copper  for  bombardment  with  600eV  argon 
ions.  However,  the  sputtering  yield  does  not  increase  monotonically  with 
atomic  number,  as  Figure  2.4  indicates.  The  periodicity  which  is  related 
to  the  filling  of  electron  shells  is  apparent  in  this  diagram. 

Above  some  sputtering  threshold  energy  the  yield  increases  with 
ion  energy  until  a constant  yield  plateau  is  reached  [28,29].  At  very 
high  energies  the  yield  drops,  since  the  collisions  are  occurring  deeper 
in  the  target  whereas  the  displaced  atoms  can  escape  only  near  the  surface. 
This  is  exactly  the  process  which  occurs  during  ion  implantation. 

A particle  ejected  in  the  sputtering  process  leaves  the  surface 
with  a velocity  much  greater  than  that  of  an  evaporated  atom  [27].  Figure 
2.5  shows  that  the  typical  range  of  particle  energies  is  under  20eV  and  is  not 
a strong  function  of  the  incident  ion  energy.  While  it  is  well  known  that 
the  sputtered  particles  are  primarily  neutral  atoms,  a small  fraction  of 
the  material  leaves  the  surface  as  excited  neutrals,  ions,  and  in  clusters 
[36-38].  The  secondary  ion  yield  depends  on  many  variables,  including 
the  surface  composition  and  the  ion  energy.  The  yields  of  positive  sec- 
ondary ions  are  generally  higher  for  insulators  as  compared  to  metals  on 
semiconductors  [19].  One  method  used  in  SIMS  profiling  is  to  sputter  with 
an  oxygen  beam  which  creates  a very  thin  oxide  region  on  the  surface,  thus 
enhancing  the  ion  yield  [19]. 

So  far  we  have  only  considered  the  sputtering  of  a target  com- 
pound of  a single  element;  naturally,  alloy  sputtering  is  even  more  compli- 
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caced.  Experiments  show  that  alloys  sputter  stoichiometrically  (that  is, 
the  relationship  among  of  the  sputtered  species  is  the  same  as  the  bulk) 
only  after  some  initial  period  of  so-called  "non-equilibrium"  sputtering 
[39,40],  As  an  example,  let  us  consider  a target  alloy  composed  of  an 
easy  to  sputter  species  A and  a hard  to  sputter  species  B with  sputtering 
yields  1 and  1/3,  respectively.  We  can  assume  for  a simple  cubic  lattice 
(Figure  2.6)  that  each  atom  on  the  surface  is  struck  by  an  incident  ion 
per  unit  time.  After  the  first  sputtering  step  all  of  the  A atoms  have 
been  removed  from  the  original  surface  while  only  one  B atoms  has  been 
ejected.  During  sucessive  sputtering  steps  fewer  A atoms  are  on  the 
surface  and  the  ratio  of  the  two  types  of  sputtered  particles  more 
closely  matches  the  composition  of  the  target. 

Although  this  model  is  over  simplified,  it  presents  the  impor- 
tant features  of  alloy  sputtering:  an  initial  period  of  non-equilibrium 
sputtering  in  which  one  species  is  preferentially  sputtered;  the  enrich- 
ment of  the  surface  with  the  "hard  to  sputter"  element;  and  the  inherent 
increase  in  surface  roughness  during  the  sputtering  process.  Several 
theories  have  been  presented  concerning  the  transient  sputtering  period, 
but  the  detailed  mechanism  is  still  not  adequately  explained  [39,40], 

The  experimental  data  concerning  alloy  sputtering  shows  some  contradiction 
as  to  what  elements  should  be  harder  to  sputter.  Work  with  metals  shows 
that  heavier  atoms  tend  to  enrich  the  surface  [41,42]  while  in  GaAs  the 
arsenic  sputters  first  [43].  Again  there  is  no  comprehensive  theoretical 
treatment  for  this  effect.  Alloy  sputtering  usually  leads  to  the  forma- 
tion of  surface  irregularities  or  cones  as  the  easily  sputtered  species 
are  removed  [43-45]. 
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Fig.  2.6. 


Simplified  model  of  alloy  sput- 
tering. The  easy  to  sputter 
species  (A)  has  a sputtering 
yield  of  1 while  the  hard  to 
sputter  species  (B)  has  a yield 
of  1/3. 
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2.3.  Sputtering  In  a Glow  Discharge 

Sputtering  was  first  observed  in  a glow  discharge  [25]  and, until 
recently,  most  of  the  subsequent  research  was  performed  with  the  discharge 
method.  However,  glow  discharges  are  highly  unsuited  for  quantitative 
studies  of  the  sputtering  process.  The  fundamental  problem  is  that  the 
pressure  required  for  a self  sustained  discharge  is  so  high  that  both 
the  gas  atoms  and  the  sputtered  particles  have  mean  free  paths  smaller 
than  the  dimension  of  the  discharge  tube.  Thus  before  a sputtered  atom 
can  deposit  on  the  walls  it  undergoes  multiple  collisions  with  gas  atoms. 
Such  collisions  can  excite  or  ionize  the  particle,  or  even  reflect  it 
back  toward  the  cathode.  As  Kaminsky  points  out,  these  collisions  make 
it  impossible  to  obtain  information  on  the  various  parameters  involved 
with  the  sputtering  process  [29]. 

Ions  produced  in  the  glow  region  arrive  at  the  cathode  with  a 
wide  range  of  energies,  various  charge  states,  and  with  different  angles 
of  incidence  due  to  the  collisions  in  the  cathode  fall  region.  Experi- 
ments measuring  the  actual  distribution  of  ion  energies  arriving  at  the 
cathode  show  that  more  than  half  of  the  ions  have  energies  less  than  207. 
of  the  cathode  fall  energy  [46],  as  in  Figure  2.7.  Essentially  no  ions 
arrive  with  the  full  cathode  fall  energy  because  of  the  collisions  in  the 
Crooks  dark  space.  Thus,  the  incident  ion  energy  is  a function  of  the 
pressure  as  well  as  the  applied  voltage. 

At  high  pressures  the  sputtered  atoms  may  lose  all  of  their 


initial  energy  through  collisions  and  never  reach  the  walls  of  the  chamber. 
Laegrid  and  Wehner  [35]  estimate  that  only  107.  of  the  sputtered  atoms  are 
actually  deposited  at  pressures  above  100  mTorr  (Figure  2.8).  The 
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The  energy  distribution  of  argon 
ions  arriving  at  the  cathode  in  a 
glow  discharge  [46],  The  dark 
space  distance  (L)  is  1.3  cm  with 
an  applied  voltage  (Vc)  of  600  v. 
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Fig.  2.8.  The  sputtering  yield  of  nickel 
in  a dc  discharge  as  a function 
of  pressure  [35 ] . 


25 


remaining  atoms  stay  in  the  discharge  where  they  can  be  ionized  or 
deposited  on  the  target  itself. 

Another  problem  is  that  the  secondary  election  emission  is  a 
function  of  the  incident  ion  energy  and  also  of  the  target  composition. 
Because  there  is  no  way  of  measuring  the  secondary  emission,  the  current 


through  the  discharge  cannot  be  used  to  estimate  the  number  of  incident 
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3.  GLOW  DISCHARGE  OPTICAL  SPECTROSCOPY 

GDOS  has  recently  been  used  to  determine  the  composition  of  thin 
films  [3,47],  solids  [48,49],  and  ion  implanted  layers  [50-52],  In  GDOS, 
a sample  is  placed  on  the  cathode  of  a low  pressure  discharge  and  is 
slowly  eroded  by  cathode  sputtering.  The  ejected  material  leaves  pri- 
marily as  neutral  atoms,  which  are  subsequently  excited  by  electron 
collisions  in  the  cathode  glow  region  of  the  discharge  and  emit  photons 
of  characteristic  wavelengths  as  illustrated  in  Figure  3.1.  The  intensity 
of  a given  emission  line  in  the  resulting  spectrum  has  been  shown  to  be 
proportional  to  the  concentration  of  the  corresponding  element  in  the 
cathode  [3,47].  When  combined  with  an  independent  measurement  of  the 
sputtering  rate,  monitoring  the  intensity  of  a single  emission  line  as  a 
function  of  time  yields  a profile  for  the  element  as  a function  of  depth. 
This  method  has  been  used  successfully  for  a number  of  different  elements 
and,  in  principle,  any  element  could  be  profiled. 

3.1.  Optical  Spectroscopy 

Since  1926,  when  von  Hippel  [53]  first  observed  the  light  emis- 
sion from  the  sputtered  particles  in  a discharge,  there  have  been  numerous 
applications  of  optical  spectroscopy  in  sputtering  and  plasma  research.  Ii 
a triode  system  very  similar  to  GDOS,  Stuart  and  Wehner  [54,55]  used  the 
emission  from  sputtered  neutrals  in  a low  pressure  plasma  to  measure  the 
yields  and  sputtering  threshold  energies  of  various  elements.  They  found 
the  intensity  of  an  atomic  emission  line  to  be  proportional  to  the  sputter 
ing  yield  of  the  element.  In  related  work,  Ratinen  [56]  measured  the 
sputtering  rate  of  insulators  in  a rf  discharge  using  emission  spectro- 
scopy. A recent  application  by  Lu  [57]  uses  the  emission  intensity  to 


Sputtering  and  excitation  proces- 
ses near  the  cathode.  The  colli- 
sion of  sputtered  neutrals  (N) 
with  electrons  create  excited 
neutrals  (II*)  which  emit  light  of 
characteristic  wavelengths 
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measure  Che  sputtering  rate  in  a deposition  rate  control  system. 

Sawatzky  and  Kay  [58]  tried  to  eliminate  the  uncertain  nature 
of  a self-sustained  discharge  in  another  emission  spectroscopy  experi- 
ment. They  bombarded  the  sample  with  an  ion  beam  and  used  a separate  low 
energy  electron  beam  to  excite  the  sputtered  atoms.  They  found  the  re- 
sultant light  emission  again  to  be  proportional  to  the  sputtering  yield. 

Tolk  et  al.  [59,68]  using  an  ion  beam  discovered  that  sputtered  atoms 
emit  light  without  external  excitation.  Analagous  to  the  SIMS  process, 
excited  neutral  particles  are  emitted  during  sputtering.  Insulators  can 
be  studied  with  much  better  sensitivity  using  this  technique  than  either 
metals  or  semiconductors. 

Optical  Spectroscopy  has  been  used  extensively  for  plasma  diag- 
nostics, since  measuring  the  emission  or  absorption  of  light  does  not 
interfere  with  the  plasma  behavior.  Stirling  and  Westwood  [61-63]  used  atomic 
absorption  to  determine  the  influence  of  oxygen  and  nitrogen  impurities 
on  the  sputtering  of  aluminum  in  an  argon  discharge.  Ratinen  measured 
rf  plasma  characteristics  using  a sputtering  system  fitted  with  an  op- 
tical spectrometer  [64].  And  recently  Sequeda-Osorio  [65]  has  used  GDOS 
to  characterize  sputtering  behavior  in  diode  and  triode  systems. 

3.2.  Light  Emission  Characteristics 

Sputtered  atoms  are  ejected  as  neutrals  into  the  plasma  where 
they  undergo  excitation,  and  subsequently  emit  light  of  characteristic 
wavelengths  in  emission  spectroscopy.  However,  the  details  of  the  excita- 
tion process  are  not  known  and  there  is  no  comprehensive  theoretical  treat- 
ment of  these  phenomena.  The  excitation  process  is  believed  to  be 
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dominated  by  collisions  with  energetic  electrons  [3,47].  Thus,  we  would 
expect  the  most  intense  light  emission  regions  to  be  located  where  high 
concentrations  of  electrons  of  proper  energies  coincide  with  sputtered 
neutrals.  Measurements  of  the  light  distribution  from  sputtered  atoms 
[65]  show  the  maximum  intensity  occurs  near  the  cathode  (Figure  3.2). 

In  this  region,  just  as  we  observed  for  gas  atoms  in  the  discharge, 
the  electrons  have  sufficient  energies  to  excite  the  sputtered  atoms. 
Farther  into  the  Crooks  dark  space,  the  electron  energies  are  too  high 
to  efficiently  excite  the  atoms,  and  hence  the  emission  intensity  de- 
creases. A second  emission  maximum  is  located  near  the  negative  glow 
region.  There  are  large  numbers  of  low  energy  electrons  available  for 
excitation  in  this  region;  however,  the  sputtered  atom  density  and 
therefore  the  emission  is  not  as  great  as  it  is  near  the  cathode.  It 
is  not  known  if  a single  atom  undergoes  multiple  excitations  in  the 
discharge  or  if  only  one  photon  is  emitted  for  each  sputtered  atom. 

GDOS  does  not  appear  to  suffer  the  severe  matrix  effects  which 
are  present  in  other  atomic  profiling  techniques  [48,49],  since  the  exci- 
tation of  the  atoms  occurs  away  from  the  sample  and  there  is  only  weak 
interaction  between  the  sputtered  particles  in  the  discharge.  However, 
the  nature  of  the  self-sustained  discharge  would  indicate  that  some 
matrix  effects  should  be  observed.  The  emission  process  is  determined 
by  the  sputtering  rate  and  the  density  of  electrons  available  for  exci- 
tation. Because  of  the  complex  interactions  between  the  incident  ion 
energy,  the  secondary  electron  emission,  and  the  sputtering  yield,  we 
should  expect  some  variation  in  the  excitation  efficiency  of  atoms  sput- 
tered from  different  targets.  Specifically,  the  sensitivity  for  atoms 
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dc  discharge  [65]. 
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sputtered  from  metals  and  semiconductors  could  vary  considerably  because 
of  the  different  binding  mechanisms  of  the  atoms  and  electrons. 

The  use  of  GDOS  as  an  analytical  profiling  technique  depends 
on  the  relationship  oetween  the  sputtered  atoms  and  the  resulting 
emission.  Measurements  have  shown  that  for  constant  discharge  parameters 
the  emission  intensity  is  proportional  to  the  elemental  concentration. 
However,  the  important  features  such  as  sputtering  rate,  emission  in- 
tensity, and  elemental  sensitivity  cannot  be  predicted.  Thus,  the  GDOS 
technique  remains  subject  to  a number  of  standarizations  and  calibrations. 

3.3.  Experimental  Apparatus 

The  GDOS  system  used  in  these  experiments  consists  of  a dis- 
charge chamber  designed  for  uniform  sputtering  of  the  sample  and  two 
separate  light  collection  subsystems  as  seen  in  Figure  3.3.  One  light 
collection  subsystem  (labeled  as  the  substrate  monitor)  is  used  to  ex- 
amine the  sputtering  of  the  substrate  for  uniformity  and  reproducability . 
When  sputtering  GaAs,  for  example,  we  monitor  the  emission  of  the  strong 
4172  & gallium  line  as  a function  of  time.  Measuring  this  light  emission 
is  quite  easy  since  we  are  dealing  with  a major  constituent  of  the  sample. 
A uv  sensitive  photomultiplier  tube  (EMI  6256S)  collects  the  output  from 
the  3/4  meter  spectrometer  (SFEX  1702)  which  contains  a grating  ruled  with 
a 1200  lines  per  mm  and  blazed  at  3000  X.  The  electrical  output  is  de- 
tected by  the  lock-in  amplifier  (PAR  HR-8),  which  is  tuned  to  the  frequen- 
cy of  the  chopped  light.  The  amplifier  output  is  proportional  to  the 


intensity  and  is  plotted  versus  time  or  wavelength  on  a strip  chart 
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The  light  detection  requirements  of  the  impurity  detection  sub- 
system are  much  more  stringent  since  we  are  trying  to  detect  only  a small 
fraction  of  the  total  number  of  atoms  in  the  sample.  A 1/2  meter  double 
grating  spectrometer  (SPEX  1302)  containing  two  grating  ruled  with  1200 
lines  per  mm  and  blazed  at  3000  X.  is  used  to  analyze  the  emission  spectrum. 

The  two  gratings  give  the  spectrometer  good  resolution  and  excellent 
rejection  of  unwanted  light.  The  spectrometer  output  is  detected  by  a 
photon  counting  system  which  is  capable  of  reproducably  measuring  very 
small  quantities  of  light.  The  counting  system  consists  of  a uv  sensitive 
PM  tube  (EMI  9789QB) , and  amplifier-discriminator  (PAR  1120),  and  a rate- 
meter  (PAR  1105)  with  an  analog  output.  A typical  lower  limit  of  detection 
for  light  in  the  discharge  is  approximately  100  counts  per  second.  A 10 
inch  chart  recorder  is  used  to  store  the  data.  The  light  collection 
system  can  display  either  intensity  versus  wavelength  (used  for  scanning 
the  spectrum)  or  intensity  versus  time  (for  monitoring  a single  emission  line). 

In  both  light  collection  subsystems  the  light  from  a narrow 
region  just  ,.bove  the  cathode  is  focused  onto  the  slits  using  lenses 
made  of  uv  transmitting  fused  silica. 

As  discussed  in  Section  2.1,  the  discharge  is  controlled  by  the 
events  which  occur  near  the  cathode.  Consequently,  the  cathode  design 
is  critical  in  the  GDOS  system.  A schematic  diagram  of  the  cathode  con- 
struction used  in  this  experiment  is  shown  in  Figure  3.4.  The  cathode 
is  a water-cooled  stainless-steel  tube  with  a copper  end  plug,  which 
allows  good  heat  conduction.  The  sample  is  mounted  onto  a removable 
sample  holder  which  is  in  turn  screwed  into  the  end  plug.  The 
cathode  assembly  is  at  an  applied  negative  voltage  with  respect 
to  the  rest  of  the  chamber,  which  is  kept  grounded.  A stainless 
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Fig.  3.4.  Design  of  the  water-cooled 

cathode.  The  cathode  is  elec- 
trically isolated  from  the 
flange  by  Teflon  insulators  and 
plastic  screws. 
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steel  cylinder  placed  around  the  cathode  acts  as  a sputtering  shield  to 
prevent  unwanted  sputtering  of  the  cathode  structure.  The  grounded 
shield  is  placed  closer  than  the  dark  space  distance  from  the  cathode; 
thus,  no  discharge  can  be  maintained  in  the  region  between  the  shield 
and  the  cathode.  Therefore,  only  the  top  surface  of  the  sample  holder 
is  actually  sputtered  in  this  configuration.  Since  both  the  sample 
and  the  sample  holder  are  sputtered  during  the  measurement,  we  chose 
to  make  the  holder  out  of  high-density  graphite.  Graphite  has  an  ex- 
tremely slow  sputtering  rate  (as  seen  in  Table  2.1),  it  can  be  obtained 
in  ultra  high  pmity,  is  easily  machined,  and  the  carbon  emission  lines 
do  not  interfere  with  the  measurements. 

The  samples  were  mounted  onto  the  holder  using  a silver-based 

conducting  micropaint.  Only  small  amounts  of  paint  were  used  and  the 

paint  was  never  exposed  to  the  discharge.  The  samples  were  generally 
_o 

less  than  1 cm  in  area;  thus,  we  have  a small  sample  mounted  onto  a 
larger  flat  surface.  This  helps  keep  the  sample  in  a uniform  field  region 
and  insures  even  sputtering  across  the  face  of  the  sample.  After  sputter- 
ing, the  sample  was  removed  from  the  holder  using  acetone,  and  the  holder 
was  cleaned  in  a hot  solution  of  hydrogen  peroxide  and  ammonium  hydroxide. 

In  preparation  for  a GDOS  run,  the  sample  is  cleaned  and 
mounted  onto  the  holder  and  allowed  to  dry  in  a desiccator.  The  sample 
is  then  placed  into  the  chamber  and  the  system  is  pumped  down  to  approxi- 
mately 10  ^ Torr  to  remove  residual  gases.  The  sputtering  gas  is  then 
introduced  via  a leak  valve  and  a continuous  flow  is  maintained  throughout 
the  measurement.  Fine  adjustments  in  the  pressure  are  made 
by  throttling  the  high  vacuum  valve.  The  actual  sputtering  time  for  a 
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sample  ranges  from  5 to  40  minutes  with  a preliminary  pumpdown  of  about 
one  hour. 

The  GDOS  system  described  here  can  only  measure  emission 
intensity  as  a function  of  wavelength  or  time.  There  must  be  an  in- 
dependent  calibration  of  the  sputtering  rate  of  the  sample  to  obtain 
any  depth  information.  This  was  done  by  directly  measuring  the  sputter- 
ing of  the  surface  on  a number  of  test  samples.  A test  sample  is  covered 
with  a protective  layer  of  either  SiO^  or  Si^N^  as  in  Figure  3.5.  Most 
of  the  encapsulant  is  removed  using  photolithographic  techniques,  so  that 
only  thin  strips  of  material  are  left  on  the  surface.  The  sample  is  then 
mounted  and  sputtered  as  usual  for  a specified  time.  After  sputtering, 
the  encapsulant  is  removed,  leaving  two  distinct  regions  on  the  surface 
of  the  sample:  the  original  surface,  which  was  protected  from  sputtering 
by  the  encapsulant,  and  the  sputtered  region  which  was  exposed  to  the  dis- 
charge. The  difference  in  height  between  the  two  regions  was  measured 
with  a Sloan  Dektak  surface  profiler,  and  the  sputtering  rate  was  obtained 
, from  the  measurement.  An  alternate  approach  used  for  implanted  samples 

was  to  use  the  masking  techniques  described  above  and  to  monitor  the  depth 
distribution  of  implanted  atoms  while  sputtering.  The  discharge  is 
stopped  when  the  peak  of  the  implanted  unannealed  distribution  is  reached. 
The  projected  range  of  the  dis  tribution  could  then  be  measured  directly 
using  the  Dektak  as  before. 
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Depth  Measurements 


Original  Surface 


Fig.  3.5.  Sputtering  rate  calibration  by 
step  height  measurements.  The 
difference  between  the  original 
surface  (protected  by  the  Si02) 
and  the  sputtered  area  is  measured. 
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4.  GDPS  INVESTIGATIONS 

4.1.  Emission  Spectra 

The  emission  spectra  observed  in  GDOS  come  primarily  from  two 
sources;  the  excited  gas  atoms  in  either  neutral  or  ionized  states,  and 
the  excited  sputtered  neutrals.  The  emission  from  the  gas  atoms  domi- 
nates the  spectrum  and  also  defines  the  regions  in  which  sputtered  neutral 
emission  may  be  observed.  For  example,  krypton  has  only  a few  transitions 
in  the  range  2000  - 3000  X,  leaving  this  spectral  region  relatively  trans- 
parent. The  spectrum  is  filled  with  strong  Kr  emission  lines  at  wave- 
lengths greater  than  3500  X which  can  obscure  all  but  the  most  intense 
signals  from  the  sputtered  neutrals.  The  noble  gases  are  normally  used 
in  sputtering  experiments  to  avoid  reactive  sputtering,  and  they  are 
generally  transparent  in  the  uv  portion  of  the  spectrum. 

Along  with  the  strong  allowed  transitions  from  the  gas,  we 
have  also  observed  a low-level  continuous  background  emission.  This 
emission  varies  from  100  to  1000  counts  per  sec  and  depends  on  the  overall 
intensity  of  the  discharge.  We  believe  this  background  is  due  principally 
to  scattered  light  in  the  optical  system.  A similar  background  intensity 
is  observed  in  the  SCANIR  analysis  system  [59,60].  Empirically,  we  found 
krypton  gave  lower  background  levels  than  argon  under  similar  discharge 
conditions . 

A fundamental  problem  in  emission  spectroscopy  is  to  properly 
indentify  the  emission  lines.  While  several  tables  of  atomic  emission 
lines  exist  [66-68]  it  is  best  to  verify  the  position  of  the  lines  experi- 
mentally to  eliminate  small  errors  in  the  wavelength  settings  of  the 
spectrometers . 
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In  this  work  the  spectrum  was  measured  while  sputtering  with 
and  without  the  sample  to  determine  if  the  lines  were  due  to  the  gas 
atoms  or  the  backing  plate  material.  Although  we  never  observed  a 
transition  not  found  in  the  tables,  often  a listed  emission  line  was 
not  observed  in  the  discharge.  In  general,  the  strong  transitions 
listed  in  the  wavelength  tables  are  also  the  most  intense  lines  observed 
in  GDOS.  However,  the  relative  intensities  of  the  lines  may  be  quite 
different,  as  seen  in  Table  4.1.  This  is  not  surprising  since  the 
excitation  in  a spark  source  is  dramatically  different  from  that  in 
GDOS.  All  of  the  lines  observed  from  the  sputtered  material  have  been 
identified  as  due  to  transitions  involving  atomic  neutrals.  No  transi- 
tions from  ionized  or  molecular  species  were  observed  in  the  glow  region. 

A typical  emission  line  from  a silicon  substrate  atom  is  shown 

in  Figure  4.1.  Silicon  has  several  allowed  transitions  near  2500  X,  and 

we  follow  the  strong  2516.1  X line  in  the  substrate  monitor  during  a 

sputtering  run.  In  contrast  to  the  intense  emission  from  the  substrate, 

an  impurity  such  as  boron  is  a much  weaker  emitter  (Figure  4.2).  The 

20  -3 

sample  of  Figure  4.2  contained  approximately  10  cm  of  boron  and  has 
a peak  intensity  of  11  k counts  per  second.  Although  two  distinct 
transitions  separated  by  0.9  X are  present,  only  one  is  measured  during 
the  experiment  because  of  the  very  small  bandwidth  of  the  spectrometer. 
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Fig.  4.1.  A portion  of  the  emission 

spectra  of  sputtered  silicon. 
The  2516.1  A line  Is  used  to 
monitor  substrate  sputtering. 
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Table  4.1 

Relative  Intensity  of  Germanium  Emission  Lines  measured  in 
(GDOS),  compared  with  values  in  MIT  wavelength  table  [66]. 
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as  seen  in  Figure  4.3.  The  slopes  of  the  various  emission  lines  are  re- 
markably consistent,  even  chough  a wide  range  of  wavelengths  are  excited. 

We  have  not  observed  preferential  excitation  of  any  wavelengths  for  the 
voltages  studied. 

From  equations  4.1  and  4.2,  the  intensity  should  increase  as 

I Qf  P2  (4.5) 

for  a constant  voltage.  However,  the  intensity  does  not  increase  mono- 
tonically  with  pressure,  as  seen  in  Figure  4.4.  Each  sample  was  sputtered 
with  argon  at  a constant  voltage  while  a single  emission  line  was  observ- 
ed. The  pressure  was  then  changed  and  equilibrium  sputtering  reached 
before  the  next  intensity  measurement  was  taken.  The  effect  of  increased 
voltage  was  simply  to  increase  the  cverall  intensity;  the  shapes  of  the 
curves  were  not  altered.  Sputtering  in  a krypton  discharge  does  not  yield 
the  same  curves  as  an  argon  discharge  (Figure  4.5).  The  intensities  gen- 
erally decrease  with  krypton  pressure  except  for  the  arsenic  line. 

The  increased  gas  pressure  produces  more  current  and  a,-  larger 
sputtering  rate.  However,  it  also  increases  the  probability  of  a colli- 
sion between  a sputtered  atom  and  a gas  atom.  Thus,  cases  of  decreased 
light  emission  with  increased  pressure  could  be  caused  by  a collisional  de- 
excitation [69-71]  of  the  excited  neutrals  in  the  discharge.  Since  krypton 
has  a larger  cross  section  than  argon,  the  effect  is  more  pronounced  in 
that  discharge.  The  anomalous  behavior  of  arsenic  in  both  discharges  is 
still  not  understood.  This  could  be  caused  by  differences  in  atomic 
radii  or  in  ejection  energies. 
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Fig.  4.4.  Variation  of  Ga,  As,  and  P 
amission  intensities  with 
argon  pressure.  Gallium 
arsenide  and  gallium  phosphide 
were  used  as  substrates. 
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4.3.  Gas  Impurity  Effects 

The  discharge  chamber  is  evacuated  to  low  pressures  prior  to 
each  sputtering  experiment  to  remove  residual  gases.  The  effect  of  the 
two  most  common  residual  gases,  nitrogen  and  oxygen,  was  studied  by  intro- 
ducing small  amounts  of  these  gases  into  the  discharge  while  sputtering. 

The  gases  were  added  via  a leak  valve  located  at  the  top  of  the  chamber, 
and  the  impurity  flow  rate  was  measured  using  a mass  flowmeter.  A constant 
pressure  was  maintained  by  appropriate  reduction  of  the  krypton  flow. 

Oxygen  has  a dramatic  effect  on  the  emission  intensity  of  sput- 
tered GaAs,  as  seen  in  Figure  4.6.  Even  a small  flow  of  0^  (less  than 

_3 

0.1  cm  /min)  causes  a decrease  in  the  intensity  of  both  the  Ga  and  As 
emissions  while  the  current  increases.  This  is  in  substantial  agreement  with 
earlier  work  [72,73]  which  found  that  oxygen  inhibits  the  sputtering  of 
materials  in  a gas  discharge. 

We  found  residual  oxygen  to  be  particularly  troublesome  when 
sputtering  GaAs.  Since  Ga  has  such  a large  affinity  for  oxygen,  a thin 
oxide  region  can  form  on  the  surface  of  the  sample.  This  leads  to  anomo- 
lous  sputtering  of  the  surfaces,  as  shown  in  Figure  4.7.  A character- 
istic dip  in  the  emission  intensity  is  observed  before  equilibrium 
sputtering  is  reached.  During  this  time  as  much  as  1500  X of  the  surface 
could  be  removed.  This  problem  was  solved  by  removing  oxygen  bearing 
materials  such  as  A1  from  the  chamber  (particularly  from  the  cathode  it- 
self) . 

Nitrogen  has  a more  unusual  effect  on  the  emission  intensities, 
as  shown  Figure  4.8.  The  current  remains  almost  constant  while  both  the 
Ga  and  As  emissions  increased  through  maxima  located  at  different  flow 
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Influence  of  oxygen  leak  on  Ga 
and  As  emission  lines  in 
krypton  discharge. 
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rates  of  N2«  The  emission  intensities  decrease  for  gas  compositions  ap- 
proaching a pure  N2  discharge.  Suprisingly,  nowever,  the  emission  from 
gallium  in  a N2  discharge  is  greater  than  in  a krypton  discharge,  while 
the  opposite  is  true  for  arsenic. 

Natarajan  [74]  has  found  small  amounts  of  He  introduced  into 
an  argon  discharge  will  increase  the  emission  intensity.  The  helium  is 
thought  to  enhance  the  ionization  of  the  argon  and  thus  the  sputtering 
rate  and  intensity.  Small  amounts  of  residual  nitrogen  could  have  a simi- 
lar effect. 

4.4.  ABSORPTION  EXPERIMENTS 

The  GDOS  technique  relies  on  the  relationship  between  the  con- 
centration of  host  or  impurity  atoms  in  the  substrate  and  the  intensity 
of  the  resulting  light  in  the  discharge.  So  far,  we  have  assumed  the  dis- 
charge is  optically  thin,  that  is,  there  is  no  absorption  of  light  in  the 
emission  region.  Absorption  of  the  emitted  light  within  the  cathode  region 
should  be  avoided,  since  it  can  alter  the  linear  dependence  of  the  inten- 
sity on  the  atomic  concentration.  This  absorption  is  most  likely  to  occur 
in  transitions  involving  the  ground  state  (resonant  transitions)  because 

J 

most  of  the  atoms  are  found  in  that  energy  level.  If  significant  absorp- 
tion occurs,  it  may  be  possible  to  optically  pump  the  sputtered  neutrals 
to  excited  states,  and  thereby  increase  the  emission  intensity  without 
altering  the  discharge  characteristics. 

The  absorption  measurements  were  performed  with  GaAs  samples 
using  a gallium  hollow  cathode  lamp  as  the  light  source.  Since  the  lamp 
emits  many  different  atomic  lines  simultaneously,  the  light  was  passed 
through  a 1/2  meter  Jarrel-Ash  monochromator  to  isolate  a single  line. 
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The  output  of  the  monochromator  was  collimated  by  lenses  as  in  Figure  4.9 
and  was  confined  by  a slit  to  the  thin  region  of  maximum  emission  inten- 
sity just  above  the  sample.  It  was  not  possible  to  sample  different 
regions  of  the  discharge  using  this  configuration  because  of  the  vertical 
orientation  of  the  discharge  chamber.  The  optical  pumping  experiment 
differs  from  the  absorption  measurement  only  in  that  the  side  window  of 
the  chamber  is  used  to  illuminate  the  sample  area.  This  placed  the  inci- 
dent light  perpendicular  to  the  detection  system  to  minimize  interference 
from  the  light  source. 

The  intensity  It  of  the  light  transmitted  through  the  discharge 
is  related  to  the  incident  intensity  1^  by 
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Where  d is  the  path  length  through  the  glow  and  a is  the  absorption  coef- 
ficient. The  absorption  coefficient  is  in  turn  the  product  of  the  number 
density  of  atoms n and  their  effective  cross  section  a(X).  Using  equation 
4.5  we  find 
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assuming  d and  a are  constant  for  a given  wavelength. 

Since  the  atomic  transition  widths  are  exceedingly  small 
-3  -4  o 

(10  - 10  a),  the  spectrometer  actually  measures  some  integrated  portion 

of  the  spectrum  and  not  just  a single  wavelength  as  assumed  in  equation  4.5. 
Also,  the  width  of  the  emission  and  absorption  spectrum  will  be  modified 
primarily  by  a Doppler  broadening  on  the  order  of  10  A [28,75].  There- 


Fig.  4.9.  Schematic  diagram  of  absorption 
and  optical  pumping  experiments. 


fore  the  effective  temperatures  of  the  two  media  should  be  included.  How- 
ever, in  this  experiment  we  are  attempting  to  determine  if  absorption 
exists  and  not  to  made  an  accurate  measurement  of  n.  Therefore,  we  will 
estimate  the  relative  number  of  absorbing  atoms  by  using  equation  4.7. 

Five  of  the  gallium  emission  lines  in  the  uv  region  are  resonant 
transitions  [68].  However,  only  the  2874  X and  4032  X lines  were  sufficiently 
intense  to  allow  accurate  measurements.  Fortunately,  these  two  lines 
share  common  energy  levels  associated  with  two  non-resonant  transitions 
as  seen  in  Figure  4.9.  This  allows  us  to  compare  the  absorption  of  both 
types  of  transitions  direcMy; 

As  expected,  in  each  case  the  absorption  of  the  resonant  trans- 
ition is  greater  than  for  the  corresponding  non-resonant  transition  as 
shown  in  Table  4.2.  This  means  simply  that  there  are  more  atoms  located 
in  the  ground  state  than  in  the  higher  energy  states.  The  absorption  in- 
creases with  applied  voltage  and  increased  pressure  (more  sputtered  neu- 
trals) at  approximately  the  same  rate  for  each  of  the  transitions.  That 
is,  no  transition  showed  any  preferential  absorption  due  to  changes  in 
the  discharge  conditions. 

As  seen  in  Figure  4.9,  it  might  be  possible  to  optically  pump 
the  2874  A or  4032  A lines  to  induce  transitions  in  the  2944  A or  4172  A 
lines, respectively . Although  light  was  absorbed  in  each  of  the  resonant 
transitions,  we  did  not  observe  any  increase  in  the  light  emission  from 
the  two  lower  energy  lines . 

We  conclude  that  there  is  some  absorption  of  light  in  the  cathode 
fall  region.  The  absorption  is  usually  small  and  increases  with  increased 
density  of  sputtered  neutrals,  induced  by  changes  in  pressure  or  voltage. 
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Table  4.2 

ABSORPTION  IN  GALLIUM  EMISSION  LINES 


\(.l) 

E(eV) 

Transition  (cm  S 

£n  Ii/It 

2874.24 

4.31 

0-34782 

0.0706 

2944.18 

4.21 

826-34782 

0.0526 

4032.98 

3.07 

0-24788 

0.1542 

4172.06 

2.97 

826-24788 

0.1286 
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Work  by  Sequeda-Osorio  [65]  with  absorption  spectroscopy  showed  the  ab- 
sorption was  greatest  in  the  dark  regions  of  a dc  discharge  and  was  a 
minimum  in  the  glow  regions.  Therefore  self-absorption  of  emitted  light 
should  not  be  a problem  for  GDOS  measurements,  although  some  nonlinearity 
due  to  resonant  transitions  could  be  expected  for  high  concentrations  of 
sputtered  atoms.  Since  the  actual  absorption  in  the  cathode  region  is 
small,  optical  pumping  to  increase  sensitivity  may  not  be  possible  unless 
a very  intense  (e.g.  laser)  light  source  were  used. 
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5.  ATOMIC  PROFILES 

Whereas  GDOS  has  previously  been  used  sucessfully  for  plasma 
diagnostics,  our  primary  interest  here  is  in  using  GDOS  as  an  analytical 
depth  profiling  tool  for  ion  implanted  semiconductors.  One  of  the  more 
serious  problems  associated  with  GDOS  for  depth  profiling  is  that  the 
discharge  is  unstable  for  a short  period  of  time  after  initiation.  The 
discharge  current  starts  at  a large  value  and  slowly  decreases  with  time 
to  a steady  state  value.  This  behavior  has  been  associated  with  the 
sputter  cleaning  of  contaminants,  particularly  hydrocarbons,  from  the 
surface  of  the  cathode  [76].  The  period  of  time  needed  before  steady 
state  is  reached  is  thus  related  to  the  cleanliness  of  the  cathode.  Al- 
though this  period  can  be  shortened  by  careful  cleaning  of  the  cathode, 
it  cannot  be  eliminated  entirely.  During  this  initial  period,  the 
sputtering  rate  of  the  sample  and  the  excitation  processes  in  the  dis- 
charge are  not  constant.  Therefore,  the  profile  information  contained 
in  the  surface  region  is  lost.  This  effect  is  particularly  troublesome 
for  very  shallow  profiles  (e.g.  As  into  Si)  where  the  entire  implanted 
layer  could  possibly  be  sputtered  before  steady  state  is  reached. 

Some  of  the  problems  associated  with  transient  sputtering  can 
be  reduced  for  the  case  of  silicon  by  evaporating  a thin  layer  of  a metal 
such  as  nickel  on  to  the  surface  of  the  sample.  In  this  way,  the  nickel 
is  sputtered  during  the  initiation  period,  and  the  surface  of  the  sample 
is  protected.  The  interface  between  the  nickel  and  the  silicon  is  indi- 
cated by  a sharp  rise  in  the  silicon  emission  line  measured  in  the  sub- 
strate monitor.  Nickel  was  chosen  as  the  overcoat  layer  since  it  has  a 
faster  sputtering  rate  than  silicon,  and  yields  a sharp  interface  (Figure 
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5.1).  Nickel  is  also  electrically  conductive  and  can  be  handled  easily 
without  scratching. 

Similar  transient  sputtering  problems  occur  in  the  profiling 
of  GaAs,  but  to  a much  lesser  extent.  We  were  not  able  to  find  a suit- 
able overcoat  material  which  gave  a sharp  surface  interface.  Therefore, 
the  GaAs  samples  were  profiled  from  the  bare  surface. 

5.1.  Sample  Preparation 

All  of  the  samples  except  for  the  arsenic  implanted  silicon 
[77],  were  implanted  in  the  ion  implantation  facility  of  the  Coordinated 
Science  Lab.  The  silicon  samples  were  (100)  7-14Q-cm  p-type  material 
and  were  cleaned  prior  to  implantation  using  solvents  and  a hydrogen 
peroxide-based  cleaning  solution  [78]  to  remove  organic  and  metallic 
contamination.  The  GaAs  samples  were  (100 ) bulk  GaAs,  grown  by  the  hori- 
zontal Bridgeman  technique,  doped  with  either  Te  or  Si  to  an  electron 
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concentration  of  approximately  10  cm  . The  GaAs  samples  were  cleaned 
only  in  solvents  prior  to  implantation. 

The  implants  were  performed  at  room  temperature  with  no  deli- 
berate heating  or  cooling  of  the  samples.  The  smaller  samples  (i.e.  GaAs) 
were  mounted  onto  a aluminum  plate  before  implantation  using  silver  con- 
ducting micropaint  to  allow  the  entire  surface  of  the  sample  to  be  implanted 
and  to  facilitate  handling.  The  wafers  were  tilted  at  7°  from  the  beam 
normal  during  implantation  to  avoid  channeling  effects. 

Two  sets  of  silicon  wafers  were  implanted.  The  first  set  was  arsenic 
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implanted  into  a bare  surface  at  150  keV  and  to  a dose  of  5x10  cm  . The 
second  set  was  implanted  through  a thin  thermally  grown  oxide  layer  on  the 
surface,  while  keeping  the  same  energy  and  dose  as  before.  The  SiO^  was 


Intensity  (arbitrary  units) 
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grown  at  900°C  for  20  minutes  in  a dry  oxygen  atmosphere,  followed  by  a 
5 minute  bakeout  at  the  same  temperature  in  a nitrogen  ambient.  The 
average  oxide  thickness,  as  measured  by  ellipsometry , was  150  A. 

The  GaAs  samples  were  implanted  with  germanium  to  a dose  of 
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10  cm  at  250  keV . The  germanium  ion  beam  was  produced  in  a hot  cathode 
source  by  the  decomposition  of  germane  gas  (GeH^) . As  seen  in  Figure  5.2, 
the  actual  implanted  species  is  probably  a germanium  hydride.  Since 
germanium  has  three  abundant  isotopes,  it  is  impossible  to  distinguish 
between  the  various  isotope  and  hydride  combinations  by  mass  analysis. 

For  example,  Ge  has  the  same  charge  to  mass  ratio  as  ^^GeH^"^  and  ^ ^GeH+. 
The  hydrogen  should  not  affect  the  projected  range  of  the  germanium  since 
it  is  so  much  lighter  than  germanium. 

After  implantation  the  samples  were  scribed  and  cleaved  to 
approximately  1cm  by  0.5cm  size  for  use  in  the  GDOS  system.  The  silicon 
samples  were  annealed  in  an  open  tube  furnace  at  600°C  or  1000°C  for  30 
minutes  in  a flowing  argon  ambient.  After  annealing,  and  just  prior  to 
the  GDOS  measurements,  the  samples  were  etched  in  HF  acid  to  remove  any 
oxide  on  the  surface. 

The  GaAs  samples  were  encapsulated  with  approximately  1000  A of 
either  Si02  or  Si^N^  Pr*-or  to  annealing.  The  SiO^  is  produced  by  a CVD 
reaction  involving  a mixture  of  silane,  oxygen,  and  nitrogen  flowing  over 
the  samples  mounted  on  a heated  plate  (Figure  5.3).  The  Si^N^  is  deposited 
by  a reactive  plasma  technique  [79]  in  which  a silane-argon  mixture  is 
introduced  into  a vacuum  chamber  just  above  the  heated  samples  as  shown 
in  Figure  5.4.  The  silicon  nitride  is  formed  by  a reaction  involving  the 
silane  and  nitrogen  radicals  supplied  by  an  rf-induced  nitrogen  plasma. 


Hot  Cathode  Source  GeH 


Mass  spectra  of  ions  produced 
with  hot  cathode  source  by  de- 
composition of  germane  gas. 


The  samples  were  isochronal ly  annealed  for  30  minutes  in  an  open 
tube  furnace  with  a flowing  nitrogen-4 % hydrogen  ambient.  The  anneal 
temperatures  ranged  from  500°C  to  900°C  in  100°  increments.  The  encapsu- 
lants  were  removed  in  a HF  etch  prior  to  the  measurement. 

5.2.  Arsenic-Implanted  Silicon 

The  large  fluences  and  the  resulting  high  peak  concentrations 
of  a typical  arsenic  implant  are  particularly  suited  for  analysis  by  GDOS. 
The  arsenic  implanted  silicon  system  can  be  difficult  to  study,  however, 
because  of  the  shallow  depth  and  the  large  concentration  gradients  of  the 
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profile.  Since  a typical  projected  range  is  less  than  1000  A,  a slow 
sputtering  rate  is  needed  for  good  depth  resolution.  We  were  able  to 
satisfy  the  dual  criteria  of  depth  resolution  and  adequate  emission  in- 
tensity by  using  a Kr  discharge  at  3500  V and  with  approximately  50  K 
pressure.  The  sputtering  rate  for  these  conditions  is  about  90  X/min, 
so  an  entire  measurement  lasted  less  than  30  minutes.  The  arsenic  dis- 
tribution was  profiled  by  measuring  the  2349  A emission  line  and  the  sput- 
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tering  was  monitored  via  the  silicon  2516  A line. 

Profiles  obtained  for  unannealed  samples  implanted  with  and 
without  an  SiO^  layer  are  shown  in  Figure  5.5.  The  bare  surface  implant 
has  a measured  projected  range  of  800  + 50  A,  which  compares  favorably 
with  the  LSS  predicted  range  of  845  A [7].  The  measured  straggle  of  360  A 
is  some  what  larger  than  the  calculated  value  of  292  A.  These  results 
agree  substantially  with  those  obtained  by  SIMS  on  similarly  implanted 
samples  [80].  There  is  a slight  decrease  in  the  silicon  emission  inten- 
sity measured  by  the  substrate  monitor  as  the  transition  from  the  amorphous 


implanted  region  to  the  crystalline  substrate  is  reached  at  a depth  of 
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approximately  1500  A.  However,  the  sputtering  rate  of  the  silicon  is 
uniform  within  107,  throughout  the  measurement. 

The  arsenic  distribution  retains  its  essentially  Gaussian 
shape  when  implanted  through  a thin  oxide  layer.  The  projected  range 
and  straggle  are  changed,  however,  as  shown  in  Figure  5.5.  The  through- 
oxide  implant  has  a measured  projected  range  of  550  A and  a straggle  of 
225  A.  The  composite  range,  through  the  SiO^  and  into  the  silicon,  is 
700  A.  This  range  is  100  A less  than  that  of  the  bare  surface  implant. 
This  suggest  that  SiO^  has  a greater  stopping  power  than  Si,  which  con- 
tradicts other  work  [81].  However,  this  conclusion  should  be  examined 
further  since  it  is  difficult  to  measure  accurately  the  thickness  of  an 
oxide  layer  on  heavily  damaged  silicon.  The  stopping  power  of  silicon 
dioxide  should  also  be  a function  of  the  layer's  density  which  can  vary 
due  to  crystal  orientation  and  growth  conditions  [82]. 

The  samples  annealed  at  600°C  for  30  minutes  showed  no  appreci- 
able diffusion  from  the  unannealed  profiles.  However,  the  high  temperature 
annealing  process,  1000°C  for  30  minutes,  has  a dramatic  effect  on  the 
arsenic  distribution  as  shown  in  Figure  5.6.  The  distribution  has  changed 

from  its  original  Gaussian  shape  to  an  almost  flat  profile  over  much  of 
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the  distribution.  The  arsenic  concentration  stays  below  2x10  cm  , which 
is  well  below  the  solid  solubility  for  arsenic  at  this  temperature  [83]. 
This  profile  indicates  a concentration-dependent  diffusion  of  the  arsenic 
and  is  characteristic  of  high  dose  implants  annealed  at  high  temperatures. 
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5.3.  Germanium  Implanted  Gallium  Arsenide 

Since  germanium  has  only  a few  allowed  transitions  in  the 
ultraviolet  [66,68],  it  is  an  extremely  good  light  emitter  in  the  GDOS 
system.  We  used  the  strong  emission  of  the  3039.2  A germanium  neutral 
line  in  the  impurity  profile  measurements.  The  sputtering  uniformity 
of  the  GaAs  substrates  was  determined  by  following  the  emission  of  the 
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4172  A gallium  line  in  the  substrate  monitor.  The  gallium  intensity 
was  monitored  instead  of  the  arsenic  because  the  gallium  signal  is 
stronger  than  that  of  arsenic.  The  discharge  used  for  all  of  the  GaAs 
profiles  was  krypton  gas  at  30  mTorr  pressure  with  an  applied  voltage 
of  4000V.  The  sputtering  rate  of  GaAs  with  these  parameters  was  approx- 
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imately  2000  A/min,  which  is  much  faster  than  for  a silicon  substrate  in 
a similar  discharge.  An  entire  profile  measurement  takes  less  than 
five  minutes  with  these  fast  sputtering  conditions. 

The  unannealed  germanium  profiles  agree  with  the  LSS  predicted 
distributions  for  all  of  the  implant  energies  studied.  The  250  keV  im- 
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plant  shown  in  Figure  5.7  has  a measured  range  of  900  A and  straggle  of 
450  A,  which  compares  favorably  with  the  predicted  values  of  900  A and 
400  A,  respectively.  Although  we  observe  some  differences  in  the  sput- 
tering of  the  GaAs  in  the  unannealed  surface  region  as  compared  to  the 
undamaged  substrate,  the  GDOS  technique  can  still  yield  accurate  profiles 
from  the  damaged  surface  region. 

The  impurity  profiles  for  samples  annealed  at  600°C  are  almost 
identical  to  the  unannealed  distributions.  The  type  of  encapsulation 
had  no  measurable  effect  on  the  profile  at  this  temperature.  This  re- 
sult is  not  surprising,  since  the  anneal  temperature  is  probably  not 
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high  enough  to  allow  significant  Ga  outdif fusion,  which  would  alter  the 
vacancy  concentration  [84-86].  There  was  a change  in  the  sputtering 
behavior  of  the  implanted  layers  for  the  samples  annealed  at  600°C.  The 
gallium  emission  from  the  implanted  region  more  closely  resembles  the 
emission  from  the  substrate  for  this  anneal  temperature  and  subsequently 
for  higher  temperatures.  This  probably  indicates  a reordering  of  the 
crystal  from  the  amorphous  phase  due  to  annealing  of  the  surface. 

The  implanted  germanium  profiles  remain  essentially  gaussian 
when  annealed  at  900°C  for  30  minutes.  The  samples  annealed  with  the 
SiO^  encapsulant  exhibit  a small  amount  of  diffusion,  as  shown  in 
Figure  5.8.  The  peak  of  the  distribution  remains  at  the  same  depth, 
but  the  straggle  has  decreased  slightly  and  an  exponential  tail  has 
formed.  The  integrated  area  of  the  profile  is  approximately  the  same 
as  for  the  unannealed  sample,  which  implies  that  no  germanium  is  lost 
through  the  oxide. 

The  samples  annealed  with  Si^N^  also  show  some  minor  diffusion 
during  a 900°C  anneal.  As  before,  the  peak  of  the  distribution  remains 
at  a constant  depth,  and  there  is  an  exponential  tail  to  the  distribu- 
tion as  seen  in  Figure  5.9.  However,  this  tail  does  not  diffuse  at  the 
same  rate  for  the  Si^N^  anneal  as  compared  to  the  SiO,,  anneal.  Since 
the  width  of  the  distribution  changes  with  annealing,  we  can  estimate 
an  effective  diffusion  coefficient  by  considering  the  change  in  the 

straggle  from  the  unannealed  profile.  We  estimate  the  diffusion  coef- 
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ficient  of  Ge  in  GaAs  from  this  data  to  be  6x10  cm  /sec  at  900°C.  This 
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is  in  reasonable  agreement  with  earlier  estimates  of  5x10  cm  /sec  at 
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Fig.  5.9.  Ge  distribution  after  30  minute 
anneal  at  900°C  using  Si  N 
encapsulation.  3 ^ 
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These  results  are  somewhat  surprising  since  they  indicate  the 

diffusion  of  germanium  is  slightly  greater  when  annealed  with  nitride 

than  with  oxide  encapsulants . A previous  study  of  the  diffusion  of  Ge 

in  GaAs,  using  arsenic  overpressure,  suggests  that  Ge  diffuses  via 

gallium  vacancies  [88].  One  might  expect  to  observe  enhanced  diffusion 

for  the  samples  encapsulated  with  SiO^,  since  the  oxide  permits  gallium 

outdif fusion,  and  thus  generates  gallium  vacancies  [84-86].  However, 

the  number  of  gallium  vacancies  may  be  much  less  for  the  oxide  anneal 

than  for  an  arsenic  overpressure  anneal,  depending  on  the  experimental 

conditions.  Chaing  and  Pearson  [86]  estimate  the  concentration  of 

gallium  vacancies  at  surface  of  the  sample  during  an  oxide  anneal  to  be 
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5x10  cm  at  800°C.  As  Casey  [89]  points  out,  the  actual  diffusion 
source  and  mechanisms  for  a sealed  ampoule  anneal  are  complex,  and  should 
be  determined  using  a detailed  study  of  the  ternary  phase  diagram.  Thus, 
we  cannot  compare  the  diffusion  in  a sealed  ampoule  anneal  directly  to  an 
encapsulated  sample. 

Even  though  the  samples  annealed  with  nitride  show  more  diffu- 
sion than  the  oxide  annealed  sample,  the  actual  diffusion  in  both  cases 
is  very  minor.  Germanium  implanted  gallium  arsenide  does  not  exhibit  the 
strong  concentration-dependent  diffusion  effects  observed  for  Be  and  Zn 
implanted  samples  [90,91].  The  atomic  profiles  indicate  that  germanium 
may  be  useful  for  creating  thin,  highly  doped  regions  in  GaAs. 

5.4.  Elemental  Sensitivity 

The  atomic  profiles  of  several  implanted  impurities  have  been 
studied  using  GDOS  and,  in  principle,  any  element  could  be  detected  and 
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profiled.  In  practice,  only  those  elements  with  strong  radiative 
transitions  in  the  ultraviolet  can  be  examined.  The  preferred  elements 
for  analysis  are  those  with  only  a few  allowed  transitions.  Nitrogen, 
for  example,  is  a poor  light  emitter  in  GDOS.  It  has  more  than  one 
hundred  transitions  in  the  uv  region  [66-68];  consequently,  the  intensity 
of  any  one  transition  is  weak.  Fortunately,  some  of  the  typical  impuri- 
ties of  interest  to  semiconductor  applications  can  be  successfully 
profiled. 

Table  5.1  lists  the  estimated  sensitivities  for  a number  of 
elements  sputtered  in  this  work  from  various  sources.  Since  the  excita- 
tion mechanisms  in  GDOS  occur  outside  the  sample,  the  relative  sensiti- 
vities should  be  matrix-independent.  Sulfur,  .selenium,  and  tellurium 
are  poor  light  emitters  and  their  detection  limit  is  about  one  atomic 
persent.  These  values  were  obtained  using  a krypton  discharge  under 
typical  operating  conditions  and  are  not  the  ultimate  detection  limit  of 
the  system.  Better  sensitivities  could  be  obtained  simply  by  increasing 
the  sputtering  rate  of  the  samples,  with  a corresponding  loss  of  depth 
resolution.  Larger  samples  could  be  used,  but  this  approach  is  often 
not  practical,  especially  for  compound  semiconductors. 

The  elemental  sensitivity  in  GDOS  depends  on  the  sputtering 
rate,  the  excitation  efficiency  of  the  sputtered  atoms,  the  strength  of 
the  radiative  transition,  the  light  collection  efficiency,  and  the  de- 
tector response.  The  sputtering  rate  and  the  electron  exciation  mecha- 
nisms are  not  independent  in  a self-sustained  discharge.  Therefore,  it 
is  not  always  possible  to  increase  the  elemental  detection  limit  without 
suffering  a corresponding  loss  in  the  depth  resolution.  We  have  no  control 


77 


Table  5.1 

Estimated  GDOS  Sensitivity 


Element 

Material 

Sputtered 

x(A) 

Intensity 

(Counts/sec) 

Dectection  Limit 
( cm*3) 

AX 

AX 

3082.1 

4.0xl05 

io19 

As 

GaAs 

2349.8 

7.0xl04 

io18 

B 

Si(O.OOin-cm) 

2497.7 

S.OxlO3 

io17 

Be 

Cu-27oBe 

2348.6 

5.0xl04 

5xl018 

Cd 

CdSe 

2288.0 

l.lxlO4 

io20 

Cu 

Cu-2%Be 

2824.4 

7.5xl03 

O 

CM 

o 

r—4 

Gci 

GaAs 

4172.1 

1.2xl06 

io19 

Ge 

Ge 

3039.1 

1.5xl06 

00 

T~-f 

O 

> ■ 4 

P 

GaP 

2535.6 

l.OxlO5 

5xl018 

S 

CdS 

2089.9 

2.0xl02 

io21 

Se 

CdSe 

2039.8 

3 . 5xl03 

io20 

Si 

Si 

2516.1 

1.8xl05 

5xl018 

Te 

CdTe 

2385.8 

8 . OxlO3 

io20 

L 


over  some  of  the  important  parameters  which  govern  the  sensitivity.  For 
example,  the  strength  of  the  radiative  transition  is  determined  solely 
by  the  atomic  species.  We  have  not  been  able  to  preferentially  excite 
a selected  wavelength  by  changes  in  the  discharge  pressure  or  voltage. 
There  is  a good  possibility  of  increasing  the  total  light  output  of  the 
discharge  by  using  a gas  mixture  as  the  sputtering  medium.  However,  any 
changes  in  the  excitation  mechanism  will  probably  alter  the  strength  of 
all  the  observed  transitions  equally. 

The  one  area  in  which  significant  advances  in  lowering  the 
detection  limit  can  be  made  is  the  light  collection  efficiency.  So  far, 
we  have  ultilized  only  a small  fraction  of  the  light  generated  in  the 
discharge.  The  light  analysis  systems  could  also  be  improved.  For  ex- 
ample, the  grating  spectrometers  are  relatively  inefficient.  Also  their 
optical  design  (f/8)  does  not  allow  us  to  focus  all  of  the  light  from  the 
broad  emission  region  onto  the  narrow  entrance  slit.  A Fabry-Perot  inter 
ferometer  may  be  a better  instrument  for  this  system.  Of  course,  as  the 
optical  system  becomes  more  sophisticated,  so  does  the  problem  of 
alignment  and  reproducability . 

In  summary,  GDOS  can  produce  adequate  atomic  profiles  for  a 
select  group  of  impurities  used  in  semiconductor  research.  The  technique 
is  best  suited  for  the  analysis  of  high  concentration  levels  of  dopants 
Both  crystalline  and  thin  amorphous  regions  may  be  examined.  The  ele 
mental  sensitivity  of  GDOS  is  usually  better  than  that  of  Auger  electron 
spectroscopy,  but  not  as  good  as  secondary  ion  mass  spectroscopy.  Un- 
fortunately, GDOS  is  a wide-beam  technique,  that  is,  there  is  no  lateral 


resolution  available. 


79 


There  is  a strong  possibility  that  the  sensitivities  obtained 
in  this  study  may  be  improved  in  the  future.  Further  refinements  in  the 
optical  system  and  perhaps  mixed  gas  sputtering  will  lower  the  detection 
limit.  Until  these  improvements  are  realized,  GDOS  will  continue  to 
play  only  a minor  role  in  semiconductor  characterization. 


6.  ELECTRICAL  MEASUREMENTS 

The  important  electrical  parameters  of  an  ion  implanted  layer 
are  sheet  resistance,  carrier  concentration,  and  mobility.  The  sheet 
resistance  can  be  evaluated  from  a single  van  der  Pauw  measurement  [10]. 
Obviously,  the  carrier  concentration  and  mobility  are  functions  of 
depth  for  an  implanted  layer,  thus  a single  measurement  is  inadequate 
to  profile  the  distribution  of  carriers.  A double-ac  Hall  technique 
described  in  detail  eLsewhere  [2],  combined  with  successive  layer  re- 
moval was  used  to  profile  the  electrical  activity  of  implanted  layers 
in  this  study. 


6.1.  Measurement  System 

The  double-ac  system  is  a variation  of  the  basic  Hall  measurement 
[91]  which  exploits  the  excellent  noise  rejection  available  from  phase 
sensitive  lock-in  techniques.  In  this  system,  an  alternating  current  at 
a frequency  of  1 kHz  flows  through  the  sample  and,  simultaneously,  the 
applied  magnetic  field  is  modulated  at  250  Hz.  The  resulting  Hall  voltage 
appears  at  the  two  heterodyne  frequencies  and  is  sampled  at  750  Hz  for  this 
system.  A double-ac  system  has  the  advantage  of  automatically  removing 
the  influence  of  various  second  order  effects  which  are  observed  in  dc 
measurements  [2,91],  so  only  a single  measurement  is  needed.  Unfortunately, 
the  ac  system  does  not  produce  a definite  sign  on  the  Hall  voltage.  An 
additional  dc  Hall  measurement  was  therefore  taken  whenever  the  conduc- 
tivity type  of  a low  mobility  sample  was  in  question.  Figure  6.1  shows 
a block  diagram  of  the  double-ac  Hall  system  used  in  this  experiment. 

If  we  label  the  four  sample  contacts  in  a clockwise  fashion  A, 

B,  C,  and  D,  the  sheet  resistivity  p can  be  expressed  as  f ] 


Fig.  6.1.  Block  diagram  of  double-ac 
Hall  system. 
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where  R is  defined  as  the  voltage  measured  between  contacts  A and  B 
ABLD 

divided  by  the  current  passed  from  C to  D.  The  other  resistances  are 
similarly  labeled  and  the  function  f (van  der  Pauw  coefficient)  has  been 
tabulated  [ ].  For  a double-ac  measurement,  the  Hall  coefficient  R is 


given  by  [ ] 


— AV 

n y2  BDAC  (rms) 
2n2  8 (rms)  x I (rms) 


(6.2) 


where  9 is  the  applied  magnetic  field.  The  term  ^ is  defined  as  the 

voltage  between  contacts  B and  D when  the  current  I is  passed  from  A to  C. 

Assuming  a unity  Hall  factor,  the  average  mobility  p and  sheet 


carrier  concentration  Ng  of  a layer  are  given  by 
R 

u ■ — 

p 


(6.3) 


N = 1 

s qR 


(6.4) 


where  q is  the  electronic  charge. 

During  a profile  measurement,  the  resistivity  (P  ) and  Hall 


coefficient  (R^ ) of  the  implanted  layer  are  determined.  A thin  region 
(dj)  of  the  implanted  layer  is  removed  after  each  measurement,  and  the 
two  quantities  (p^  ^ and  R^  ^)  are  determined  for  the  remaining  implanted 
layer.  The  carrier  concentration  (n^)  and  the  carrier  mobility  (p^)  in 
the  layer  removed  can  be  expressed  as  [80] 

V’l  ■ Ri-i/pj-i 


j 1/pj  - 1/Pj_1 


(6.5) 


= 
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and 


1/p  .-  1/P  . , 

h — ^ 

J q d .p, . 

j j 


(6.6) 


We  have  assumed  chat  the  measured  Hall  mobility  is  identical  to  the  carrier 
dirft  mobility  [9]  for  these  profiles. 


6.2.  Sample  Preparation 

Although  a number  of  differing  types  of  implanted  GaAs  samples 
were  used  in  this  study,  the  sample  preparation  followed  a common  procedure. 
The  sample  encapsulation  was  removed  by  an  HF  acid  etch  after  annealing. 

The  Si^N^  films  are  very  dense  and  require  a much  longer  etching  time  than 
a comparable  SiO^  encapsulation.  The  samples  were  then  cleaned  with  organic 
solvents  prior  to  contact  metalization.  The  four  contacts  were  evaporated 
onto  the  sample  through  a shadow  mask  in  a square  array  as  illustrated  in 
Figure  6.2.  The  metal  used  to  make  ohmic  contacts  depends  on  the  conduc- 
tivity type  of  the  implanted  layer.  Contacts  to  p-type  layers  was  made 
using  a Ag  - 47.  Mn  alloy,  while  either  Ag  - 47.  Sn  or  Au  - 47.  Sn  metal 
could  use  used  for  n-type  layers.  No  appreciable  differences  between  the 
silver-based  and  gold-based  alloys  were  observed  for  low-resistivity  n-type 
layers.  However,  the  gold-tin  alloy  makes  better  contacts  to  high-resis- 
tivity samples. 

The  contacts  were  annealed  in  a reducing  atmosphere  (flowing  H2) 
at  approximately  400°C  for  10  seconds  for  both  types  of  GaAs  samples. 

Since  the  Ge-implanted  layers  were  extremely  thin,  it  was  difficult  to 
avoid  alloying  the  contacts  through  the  implanted  layer  and  into  the  sub- 
strate during  extended  anneal  times.  This  ruins  the  electrical  isolation 
of  a surface  layer  on  a conducting  substrate.  Therefore,  short  anneal 
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times  were  used  to  avoid  substrate  leakage  currents  for  layers  implanted 
onto  conducting  substrates.  In  contrast,  extended  annealing  has  no  ob- 
servable effect  on  the  electrical  measurements  of  implanted  layers  in 
semi-insulating  GaAs,  because  the  substrate  is  not  conductive.  The 
arsenic-implanted  silicon  samples  used  in  electrical  measurments  were 
identical  to  those  described  in  section  5.1.  The  details  of  the  cleaning 
and  ohmic  contact  production  are  described  in  detail  elsewhere  [80].  As 
with  the  gallium  arsenide  samples,  the  samples  were  cleaned  with  organic 
solvents  and  the  contacts  were  evaporated  through  a shadow  mask.  The 
contact  metal  was  a Au  - 17,  Sb  alloy  which  was  annealed  at  approximately 
400°C  for  twenty  seconds  to  give  ohmic  contacts. 

The  van  der  Pauw  geometry  was  defined  by  cutting  grooves  into 
the  sample  after  the  ohmic  contacts  were  made.  The  grooves  extend  through 
the  implanted  layer  into  the  substrate  and  are  used  to  simulate  an  edge 
mounting  of  the  contacts  . The  grooves  were  defined  by  mounting  the 
samples  onto  a shadow  mask  and  using  a small  abrasive  air  gun  to  erode 
the  surface.  The  leakage  current  of  the  implanted  layer  to  the  silicon 
substrates  was  not  substantially  increased  by  the  resulting  rough  surface 
of  the  grooves. 

For  measurement,  a sample  was  mounted  using  a G.E.  varnish  (#7031) 
onto  a nylon  disc,  which  fits  into  the  sample  holder  (Figure  6.2).  In 
this  holder,  a sample  is  contacted  by  four  spring  loaded  pogo  stick  probes 
as  shown  in  the  insert  of  Figure  6.2.  A guide  slot  in  the  nylon  disc 
keeps  the  sample  in  a constant  position  relative  to  the  probes.  This  con- 
figuration allows  the  sample  to  be  measured,  removed,  etched,  and  measured 
again  without  a realignment  of  the  probes  or  the  sample. 


iig.  6.2.  Details  of  sample  holder  construe 
tion.  The  sample  and  nylon  holde 
are  inserted  into  an  electromagne 
during  Hall  measurement. 
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During  a profile  experiment,  a sample's  sheet  resistance  and 
mobility  is  measured.  The  sample  is  then  removed  from  the  holder  and  a 
thin  layer  of  the  surface  is  removed  by  chemical  etching.  The  sample  is 
again  measured  and  the  sequence  continues  until  the  resistance  of  the  re- 
maining layer  is  too  large  to  permit  accurate  measurements.  In  these 
experiments,  small  regions  of  the  sample,  used  as  references  to  determine 
etch  depth,  were  protected  against  etching  by  applying  small  dots  of 
black  wax  (Apiezon  W)  outside  the  Hall  measurement  area.  The  Sloan 

Dektak,  used  to  measure  step  heights,  has  a practical  lower  resolution 

0 

limit  of  about  1000  A,  so  several  etching  steps  were  performed  before  a 
depth  measurement  was  taken.  The  etch  rate  per  step  for  each  sample  was 
averaged  from  this  step  height  measurement. 

In  the  layer  removal  step,  the  samples  and  nylon  discs  were 
immersed  in  a planar  etch,  and  then  rinsed  in  water.  The  silicon  etch 
used  was  a dilute  solution  of  nitric,  acetic,  and  hydt  tlouric  acids.  An 
etch  rate  of  230-580  A/minute  was  found  for  an  etch  combining  10.4  mX  of 
a diluted  HF  mixture  (consisting  of  100  mX  acetic  acid  and  4 mX  hydro- 
flouric  acid),  90  mX  acetic  acid,  and  300  mX  of  nitric  acid.  The  gallium 
arsenide  samples  were  similarly  etched  in  a solution  of  ^SO^,  H^O^,  and 
H^0  in  proportions  of  1:1:300.  This  solution  has  an  approximate  etch 
rate  of  200  A/  minute.  In  both  cases,  the  etch  rate  may  depend  on  the 
sample  conductivity  and  the  surface  damage.  However,  the  experimental  un- 
certainty in  determining  the  step  heights  of  very  thin  layers  masks  any 
direct  evidence  of  non-uniform  etching. 
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6 .3 . Arsenic-Implanted  Silicon 

The  heavy-dose  arsenic  implants  into  bare  silicon  showed  no 

appreciable  diffusion  for  low  annealing  temperatures.  The  600°C  anneal 

(Figure  6.3)  had  an  electrical  distribution  of  carriers  similar  to  the 

atomic  profiles.  Comparing  the  two  profiles,  we  observe  that  the  region 

20  -3 

of  the  Gaussian  distribution  above  2x10  cm  is  not  electrically  active. 

It  is  difficult  to  speculate  as  to  whether  this  is  due  to  solid  solubility 
effects,  since  the  solubility  of  As  in  Si  at  600°C  is  not  available.  The 
carrier  mobility,  while  seemingly  low  for  electrons,  compares  very  favor- 
ably with  the  measured  data  of  Fair  and  Tsai  [92]  for  similaily  doped  silicon. 

The  samples  annealed  at  1000°C  do  not  exhibit  the  simple  diffu- 
sion of  a Gaussian  distribution.  The  atomic  and  electrical  profiles 
(Figure  6.4)  both  have  a relatively  flat  region  extending  ~ 2000  k into 
the  sample,  and  a sharp  leading  edge.  As  before,  the  mobility  is  consis- 
tent with  other  measured  data  of  arsenic  doped  silicon  [92]. 

The  600°C  anneal  shows  several  interesting  features.  The  heavy 
implanted  dose  of  arsenic  makes  the  implan  ed  region  amorphous  in  unanneal- 
ed samples  [93].  After  a 600°C  anneal,  the  surface  has  epitaxially  regrown 

on  the  underlying  substrate  and  the  arsenic  is  incorporated  up  to  a limit 
20  -3 

of  ~ 2x10  cm  . Thus  doped  layers  can  be  produced  even  at  very  low 
anneal  temperatures.  The  electron  concentration  limit  is  below  the  solid 
solubility  of  arsenic  in  silicon  at  this  temperature  [83].  However, 

Fair  and  Tsai  note  [92],  the  electrical  and  chemical  solubility  ot 
species  can  be  defined  as  separate  quantities.  Much  of  the  arse- 
ent  at  high  concentrations  is  not  electrically  active. 

The  10009C  anneal  causes  substantial  diffusio-.  : r <r  *.h*  • 


Fig.  6.3. 


Depth  from  Surface  (A) 


Electrical  and  SIMS  profiles  of 
As -implanted  Si  after  600*C  anneal 
[80).  The  carrier  mobility  is 
compared  to  the  experimental  values 
obtained  by  Fair  and  Tsai  [92], 
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Fig.  6.4.  Electrical  and  SIMS  profiles  of 

As-implanted  samples  after  1000*C 
anneal  for  30  minutes  [80]. 
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distribution,  along  with  almost  complete  electrical  activation  of  the 

arsenic  atoms.  This  type  of  redistribution  indicates  a concentration- 

dependent  diffusion  coefficient  for  arsenic  in  silicon  [94],  Since  the 

20  -3 

arsenic  diffuses  faster  at  concentrations  above  2x10  cm  , a relatively 
flat  region  is  formed.  Although  the  upper  limit  of  arsenic  concentration 
is  limited  by  solubility  effects,  the  electrical  activation  of  the  im- 
planted region  increases  at  high  anneal  temperatures;  thus  the  sheet 
resistance  decreases  due  to  the  increased  activation  and  the  increased 
thickness  of  the  arsenic-doped  layer. 

6.4.  Germanium  Implanted  Gallium  Arsenide 

Germanium  is  an  amphoteric  dopant  in  gallium  arsenide.  When 
Ge  is  located  on  a gallium  lattice  site  it  serves  as  a donor;  on  the 
other  hand,  it  behaves  as  an  acceptor  if  it  is  placed  on  an  arsenic  site. 
The  conductivity  type  of  Ge-doped  epitaxial  layers  depends  primarily  on 
the  growth  technique.  Gallium  arsenide  grown  by  Liquid  Phase  Epitaxy 
(LPE)  is  p-type  r 95 ,96 ] , while  Vapor  Phase  Epitaxial  (VPE)  layers  are 
usually  n-type  r 97 , 98 ] . Molecular  Beam  Epitaxy  (MBE)  can  produce  either 
n or  p-type  conduction,  depending  on  the  growth  conditions  f99]. 

Although  implanted  Ge  in  GaAs  has  not  been  studied  extensively, 
it  has  reported  to  be  exclusively  an  n-type  dopant  [87].  That  earilier 
investigation  only  examined  high  dose  Implants  annealed  with  SiOj  encap- 
sulants  at  low  temperatures.  In  constrast,  we  find  in  this  work  that  the 
behavior  of  implanted  Ge  is  a complex  function  of  implantation  dose  and 
anneal  temperature. 

Chromium-doped  seml-lnsulatlng  GaAs  was  used  for  these  Ge  im- 
plantation studies,  since  we  could  not  predict  what  the  conductivity  type 
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would  be.  Thus  there  was  no  need  to  form  p-n  junctions  to  electrically 


isolate  the  implanted  layer  from  the  substrate  and  the  same  material  could 


be  used  for  both  conductivity  types.  We  were  also  expecting  low  electrical 


activation  due  to  self-compensation  of  the  germanium  [78].  Unfortunately 


Cr-doped  material  tends  to  have  anomalous  annealing  characteristics.  A 


test  procedure,  similar  to  that  described  by  Higgins,  et  al.  [100],  was 


used  to  determine  if  any  substrate  conduction  .was  produced  during  annealing 


Unimplanted  substrates  were  annealed  successfully  up  to  850°C,  using  Si.N 


encapsulation,  without  significant  changes  in  the  resistivity.  Similar 


samples  could  be  annealed  up  to  900°C  using  Si0„  encapsulation  without  a 


serious  increase  in  the  conductivity.  Other  samples  were  implanted  with 


argon  ions  at  200  keV  and  10  cm  dose  and  annealed  successfully,  up  to 


the  same  temperatures  as  before,  with  no  major  changes  in  the  resistivity 


due  to  implantation  damage 


The  germanium  implants  were  performed  at  250  keV  with  doses  of 


respectively.  The  implanted  wafers  were  scribed 


encapsulated,  and  then  annealed  at  temperatures  ranging  from  700°C  to 


900®C.  Ohmic  contacts  to  the  implanted  layers  were  made  as  described  in 


section  6.2 


6.4.1.  Sheet  Resistance  Measurements 


The  samples  Implanted  with  Ge  to  a dose  of  10  cm  were  very 


resistive  at  every  anneal  temperature,  which  indicates  a low  doping  effi 


clency.  Only  very  sketchy  data  could  be  obtained  for  these  samples  because 


of  their  large  resistances,  and  this  data  is  not  presented  here 


Samples  Implanted  with  10  cm  dose  illustrate  the  amphoteric 


nature  of  germanium  (Figure  6.5).  Such  samples  annealed  at  temperatures 


Ge  -GoAs 
250  keV  1014cm‘ 
Annealed  30  min 


Anneal  Temperature  (°C) 


Iso  chronal  Anneals  of  10  cm 
implanted  GaAs  and  samples  co- 
imp lanted  with  argon.  The  doubly 
implanted  samples  are  n-type  at 
all  anneal  temperatures. 
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below  8508C  were  p-type,  with  about  10%  electrical  activatioa.  This 

18  -3 

corresponds  to  a peak  carrier  concentration  of  approximately  10  cm  . 

At  anneal  temperatures  of  850°C  and  above,  the  implanted  layer  in 

SiO^-encapsulated  samples  switches  to  n-type  conduction.  The  sheet 

carrier  concentration  corresponds  to  about  1%  electrical  activation,  or 

17  -3 

a peak  carrier  concentration  of  10  cm  . The  mobility  for  both  cases 
2 2 

is  low;  ~ 30  cm  /V-sec  for  p-type,  ~ 1000  cm  /V-sec  for  n-type  conduction. 
The  samples  annealed  with  Si^N^  at  850°C  were  very  resistive  and  could 
not  be  measured. 

A totally  different  behavior  is  observed  when  the  implantation 
15  -2 

dose  is  increased  to  10  cm  (Figure  6.6).  The  implanted  layers  is  n- 

type  for  all  of  the  anneal  temperatures,  and  for  either  encapsulation 

method.  The  electrical  activation  approaches  17.  for  the  900°C  anneal, 
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which  corresponds  to  a peak  donor  concentration  of  10  cm  . The  mobility 

14  -2 

is  similar  to  that  for  the  10  cm  samples  having  n-type  conduction. 

No  significant  differences  between  the  Si^N^  and  the  SiO^  encapsulations 
are  observed,  although  the  nitride  layers  have  slightly  better  mobilities. 

The  characteristics  of  the  implanted  layers  depends  on  the  im- 
plantation dose  as  well  as  the  anneal  temperature.  This  type  of  annealing 
behavior  has  not  been  reported  for  carbon- implanted  GaAs , which  seems  to 
be  it  is  strictly  a p-type  dopant  [101].  However,  silicon  seems  to  ex- 
hibit some  amphoteric  properties  [102]. 

Germanium- Implanted  samples  were  annealed  at  900*C  with  SIO^ 
encapsulation  to  determine  if  the  n-type  conduction  was  related  to  the 
production  of  gallium  vacancies.  The  SIO^  encapsulation  permits  gallium 
vacancies  in  the  sample.  Since  Ge  a donor  when  on  a gallium  site,  the  n- 
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type  conductivity  should  increase  with  anneal  time.  However,  the  sheet 
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carrier  concentration  of  the  10  cm  implant  (Figure  6.7)  is  almost  con- 
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stant  with  varying  anneal  times.  The  10  cm  samples  show  a similar 
behavior.  Thus  we  can  conclude,  surprisingly,  that  the  outdiffusion  of 
gallium  has  little  effect  on  the  electrical  activation  at  these  temp- 
eratures . 

Unequal  amounts  of  radiation  damage  could  lead  to  the  differences 

in  the  two  sets  of  implanted  samples  (10^  or  lO^cm  ^ dose).  A set  of 
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samples  implanted  with  Ge  at  10  cm  was  co-implanted  with  argon  at  150 
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keV  energy  and  to  a 5x10  cm  fluences  to  determine  if  the  n-type  be- 
havior of  the  higher  Ge  doses  was  due  to  changes  in  the  damage.  The  argon 
energy  was  chosen  to  produce  the  same  projected  range  as  the  Ge  implants. 

As  observed  in  Section  6.1,  the  implanted  argon  does  not  alter  directly 
the  electrical  properties  of  the  substrate.  The  additional  damage  created 
by  the  argon  implant  has  a pronounced  effect  on  the  annealing  character- 
istics, as  seen  in  Figure  6.8.  The  dual  implanted  sample  shows  only  n-type 
conduction,  in  contrast  to  the  single  Ge  implant  which  produces  both  n 

and  p layers.  The  mobility  of  the  carrier- in  the  doubly- implanted  layer 
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is  much  lower  than  for  a single  10  cm  implant.  This  suggests  strongly 
that  the  n-type  conduction  observed  for  higher  doses  is  related  to  the 
amount  of  damage  produced  in  the  Implanted  layer. 

6.4.2.  Depth  Profiles 

The  depth  profiles  of  the  carrier  concentration  are  very  dif- 
ferent from  the  Ge  atomic  distributions.  Only  a small  portion  of  the  im- 
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planted  layer  is  electrically  active  in  the  10  cm  samples  annealed  at 
800°C  (Figure  6.9).  The  hole  concentration  Increases  from  a low  Initial 
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Fig.  6.8.  Sheet  carrier  concentration  of  Ge- 
implanted  GaAs  at  1014cm*2  dose. 
The  samples  annealed  below  850®C 
are  p-type,  while  those  annealed 
at  850°C  or  higher  are  n-type. 
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value  and  then,  surprisingly,  ends  abruptly.  Similar  behavior  has  been 
observed  in  silicon  implanted  layers  [102].  The  abrupt  end  to  the  dis- 
tribution for  silicon  implants  has  been  attributed  to  the  formation  of  a 
p-n  junction  within  a single  implanted  layer.  To  determine  if  another 
active  layer  exists  for  germanium  implants,  samples  were  etched  in  a 

solution,  as  before,  to  remove  part  of  the  implanted  layer. 
Then  n-type  contacts  were  evaporated  and  alloyed  onto  the  etched  surface. 
Layers  of  various  thicknesses  were  removed  in  the  etch  sequence,  and  n- 

type  activity  was  not  observed  at  any  depth. 
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The  samples  implanted  at  10  cm  dose  have  a completely  dif- 
ferent type  of  carrier  profile.  A sample  annealed  at  900°C  (Figure  6.10) 

has  a flat  region  of  electrical  activity,  with  an  electron  concentration 
17  -3 

of  ~ 10  cm  . As  with  the  previous  dose,  the  surface  layer  is  relatively 
inactive.  The  n-type  conduction  (Figure  6.10)  seems  to  occur  at  a greater 
depth  than  the  p-type  conduction  (Figure  6.9). 

We  are  not  able  to  explain  these  complex  and  puzzling  depth  pro- 
fils. However,  the  differences  in  the  regions  of  electrical  activity  sug- 
gest that  the  conductivity  type  is  influenced  by  the  amount  of  lattice 
damage.  It  is  clear  that  the  germanium  tends  to  be  incorporated  onto 
gallium  sites  (thus  becoming  a donor)  when  a particularly  heavy  damaged 
region  is  annealed.  The  details  of  these  effects  will  not  be  understood 
without  an  extensive  study  of  impurity -defect  interactions. 

6.4.3.  Implanted  Diodes 

The  most  important  test  of  ion  implantation  doping  is  the  produc- 
tion of  actual  devices.  In  this  work,  Ge-implanted  p-n  junctions  diodes 
were  fabricated  using  the  implanted  region  as  either  an  n or  p type  reg  on. 
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Electrical  profile  of  10  cm" 
implanted  GaAs  annealed  at  900aC 
for  30  minutes. 


win 


101 


The  n-type  regions  were  implanted  into  bulk  grown  Cd-doped  substrates 

17-3  + 

having  a hole  concentration  of  10  cm  , to  form  n -p  diodes.  The  p- 
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type  regions,  implanted  into  an  n-type  VPE  layer  (n  ~ 5x10  cm  ) grown 
on  a n+  substrate,  form  p+-n-r.+  diodes.  The  processing  steps  are  out- 
lined in  Figure  6.11.  The  junctions  are  defined  using  the  standard 
photolithographic  techniques  involving  AZ  1350J  photoresist.  Both  the 
diodes  and  the  metal  contacts  were  circular,  with  10  mil  and  5 mil  dia- 
meters, respectively.  Diodes  were  fabricated  with  either  Si02  or  Si^N^ 
as  the  encapsulants . 

The  n+-p  diodes  were  made  by  implanting  Ge+  at  250  keV  with 
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10  cm  fluence  into  the  p-type  substrate.  Recall  that  this  dose 

produces  n-type  layers  for  all  annealing  temperatures.  The  reverse  bias 

current  versus  voltage  graph  (I-V)  in  Figure  6.12  shows  a substantial 

increase  in  the  leakage  current  for  the  higher  anneal  temperatures. 

These  diodes  were  made  using  SiO^  encapsulation.  The  ohmic  behavior  at 

low  bias  voltages  agrees  with  previous  studies  of  Be  implanted  diodes 

f 103 ] annealed  with  SiO^  encapsulation.  However,  the  ohmic  leakage  can 

be  minimized  by  low  temperature  (~  300°C)  processing.  The  breakdown 

voltage  of  9 volts  is  slightly  lower  than  the  predicted  value  of  15  volts 

for  this  heavily  doped  junction  [9]. 

The  p+-n-n+  diodes  studied  here  were  produced  by  implanting  Ge 
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at  the  same  energy  of  250  keV  to  a dose  of  10  cm  . A p-type  layer  is 
formed  for  this  dose  for  anneal  temperatures  below  850°C  (see  Figure  6.5). 
The  breakdown  voltage  (Figure  6.13)  for  a junction  in  this  lightly  doped 
VPE  layer  is  higher  than  that  for  the  n+-p  diode,  as  expected.  These 
diodes  were  formed  using  Si^N^  encapsulation,  and  as  a result  very  little 
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Fig.  6.11.  Fabrication  sequence  for  Ge- 
implanted  p+-n  -n+  diodes. 
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ohmic  component  is  observed.  However,  the  diodes  with  the  best  break- 
down characteristics  were  similarly  Implanted  but  encapsulated  with 
Sit^  (Figure  6.14).  The  breakdown  region  of  the  curve  (~  180  V.)  is 
not  shown  because  of  the  limitations  of  the  current  generator  used  Co 
produce  the  bias  current.  The  reverse  bias  plot  (Figure  6.15)  for  this 
diode  shows  two  distinct  regions;  the  ohmic  leakage  below  5V  bias,  and 
the  rectifying  portion  above  10V.  The  current  in  the  rectivying  region 
varies  as  V^'^,  which  is  a higher  voltage  dependence  than  the 
relationship  expected  for  current  generated  completely  in  the  depletion 
region  of  the  Junction  [104]. 

We  are  able  to  fabricate  either  p-n  or  n-p  junctions  with  the 
same  Implant  energy  and  anneal  temperature.  The  choice  of  dose  deter- 
mines the  conductivity  type  of  the  implanted  layer.  Unfortunately,  we 
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were  not  able  to  make  diodes  with  10  cm  dose  at  anneal  temperatures 
higher  than  800*C.  Since  the  substrate  was  so  heavily  doped,  we  were 
probably  unable  to  type-convert  the  surface  region.  Both  S102  and  Si^N^ 
were  used  successfully  as  encapsulants  for  the  diodes.  The  nitride  en- 
capsulation produces  less  ohmic  leakage  in  the  junction  compared  with 
oxide  encapsulation.  In  the  case  of  p+-n  diodes  annealed  at  800*C,  the 
oxide  encapsulated  samples  had  better  breakdown  voltages  than  the  nitride- 
encapsulated  samples.  We  believe  this  is  due  to  processing  variations 
rather  than  any  fundamental  limitation  of  the  nitride  for  annealing 
protection. 

6.5.  Conclusions 

Germanium  Implanted  into  gallium  arsenide  displays  a true 
amphoteric  behavior.  The  conductivity  type  of  the  Implanted  layer  is  a 
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complex  function  of  the  Implantation  dose  and  the  annealing  temperature. 
High  Implant  doses  and  the  high  anneal  temperatures  produce  n-type  layers, 
whereas  lower  doses  and  temperatures  favor  p-type  conduction.  Only  a 
small  portion  of  the  implanted  distribution  is  electrically  active,  with 
the  n and  p type  layers  having  different  regions  of  active  dopants.  How- 
ever, both  types  of  Implants  have  an  inactive  surface  layer. 

High  quality  junctions  were  fabricated  using  Ge  as  either  an 
n or  p type  dopant.  As  in  previous  studies,  nitride  encapsulation  pro- 
duces a smaller  amount  of  ohmic  leakage  in  the  junctions  than  does  oxide. 

The  details  of  the  Ge  doping  mechanisms  are  not  understood  at 
this  time.  Future  research  should  investigate  the  following  areas: 

1)  Hot  and  cold  Implants  should  be  performed  to  Investigate 
the  influence  of  radiation  damage  on  the  conductivity. 

The  heated  implants  should  prevent  the  formation  of  an  ■ 
amorphous  layer  at  the  higher  doses.  Conversely,  the  cold 
Implants  should  reveal  a behavior  of  low  doses  similar  to 
that  of  higher  doses.  The  heated  implents  should  also  in- 
crease the  mobility  and  doping  efficiency  of  the  layers. 

2)  Temperature -dependent  Hall  measurements  should  be  taken 
to  determine  the  amount  of  electrical  compensation.  It 
should  be  possible  to  freeze  out  the  acceptors  at  low 
temperatures,  and  to  determine  the  total  number  of  active 
impurities . 

3)  Photo luminescence  (PL)  from  the  implanted  layers  should  be 
compared  with  the  electrical  measurements.  The  PL  data 
can  be  used  to  determine  if  complete  annealing  of  the  im- 


planted  layers  occurs  and  If  any  donor-acceptor  complexes  are 
formed.  Germanium  may  be  an  efficient  recombination  site 
in  GaAs . 

4)  Co-implantation  with  other  impurities  should  be  explored  to 
increase  the  doping  efficiency.  Co-implants  with  arsenic  or 
phosphorus  should  increase  the  n-type  conduction,  while 
gallium  or  aluminum  should  enhance  the  p-type  activity. 

5)  Since  Ge  is  an  amphoteric  dopant  with  a very  small  diffusion 
coefficient,  it  may  be  possible  to  reduce  the  contact  resis- 
tance of  light  emitting  diodes  and  other  devices  by  a suitable 
Ge  Implant.  If  the  lack  of  electrical  activation  near  the  sur- 
face can  be  overcome,  a shallow  Ge-doped  layer  could  improve 
the  characteristics  of  the  metal  contacts  to  GaAs  and  related 

materials  such  as  GaAs,  Px. 

z-x 

6)  We  cannot  stress  too  strongly  the  importance  of  good  substrate 
material.  High  quality  GaAs,  which  does  not  have  annealing 
problems,  is  essential  to  the  study  of  dopants  with  low 
activations,  such  as  germanium.  Therefore  high-quality  epi- 
taxial layers  or  carefully  qualified  bulk  samples  should  be 


used  in  such  studies. 
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